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THE COLLOIDAL BEHAVIOR OF CLAYS AS RELATED 
TO THEIR CRYSTAL STRUCTURE ^ 
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Received August SI, 19S9 


INTRODUCTION 

Most salts cause precipitation or gelation of clay suspensions. Small 
amounts of sodium tannate, sodium hexametaphosphate, or sodium sili¬ 
cate, on the other hand, remarkably reduce their viscosity. Advantage 
is taken dl this fact in oil well drilling by the rotary method to produce 
mobile clay drilling fluids of high density, and such treated suspensions 
serve various practical purposes ( 1 ). 

Experiments here described develop in detail the view, which has been 
also suggested by Garrison ( 6 ), that these chemicals are adsorbed on 
specific portions of the exterior of clay particles, and that they reduce the 
viscosity of suspensions by destroying the aggregation of the particles 
into structure's. 


VISCOSITY REDUCTION PRODUCED BY VARIOUS CHEMICALS 

The curves of figure 1 show the viscosity reduction produced by the 
chemicals which hav(' been mentioned and by sodium pyrophosphate, one 
of the most eff(jctive reducers ( 4 ). In figure 2 similar curves an* given for 
a series of sodium polyphosphates, of which sodium pyrophosphate is the 
first member. The sodium polyphosjihates have the geiu*ral formula 
Na,iP„„208n-6 ( 18 ) and probably diff(T only in the length of the PO2 chain, 
according to the striudure 

NaO O 0 0 

\ / \ / / \ /■ 

NaO—P P (NaPOs), P 

/ \ /iX \ / \ 

NaO O I O ONa 

ONa 


In these experiments the viscosities were determined at room tempera¬ 
ture with the Stormer viscosimeter. The clay is one found near Frazier 
Mountain, California, and employed in the Los Angeles area to make 


^ Presented at the Sixteenth Colloid Symposium 
California, July 6-8, 1939. 

1 


held at Stanford University, 
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MILLILITERS REAGENT SOLUTION PER ISO 6M. SUSPENSION 


Fio. 1. Viscosity reduction produced by various chemicals. All curves corrected 
for dilution. 



GRAMS OF CHEMICAL ADDED AS WATER SOLUTION TO ISO GRAMS OF SUSPENSION 


Fig. 2. Viscosity reduction produced by sodium polyphosphates. All curves 
corrected for dilution. 
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suspensions for well drilling. The suspensions used were at least 3 weeks 
old. 

EVIDENCE FOR ADSORPTION OF VISCOSITY-REDUCING CHEMICALS IN THE 

CLAY-WATER INTERFACE 

The amount of sodium tetraphosphate required to reduce the viscosity 
of Frazier Mountain clay is greater per gram of clay for fine fractions than 
for coarse fractions as obtained in the De Laval and Sharpies centrifuges. 
Since the analyses of these fractions (table 1) appear to eliminate any 
explanation based on differences of chemical composition, at least the 
initial effect of this chemical must be on the outside surfaces of the particles. 
Similar results have been obtained with graded Wyoming bentonites. 

TABLE 1 


Chemical analysis of Frazier Mountain clay fractions 



MBDinii FBACTION 

FINS FRACTION 


per cent 

percent 

SiO, 

52.43 

52.11 

FegOa . 

9.34 

9.48 

A1,0, 

19.01 

19.60 

CaO 

2.17 

2.14 

MgO 

4.12 

4.08 

NaaO/KiO as NajO 

3.20 

3.60 

S04'“. 



CP. . 



Loss on ignition. 

10.66 

9.95 

Total . . . 

100.83 

100.96 


The viscosities of treated suspensions tend to revert to original or even 
higher values after several hours or days, especially if there is agitation. 
Among the polyphosphates reversion is the most rapid for the pyro¬ 
phosphate. Possibly these agents are slowly lost by diffusion into inner 
particle surfaces where they cannot prevent aggregation but may, on the 
other hand, promote splitting of crystal sheets with multiplication of 
particles. 

The amounts of polyphosphates required to produce the maximum 
viscosity reduction in 120 g. of suspension containing 14 g. of clay, as 
calculated from figure 2, are as follows: 


For Na4P80T.. ...... 

For NacPsOio, prepared by fusing Na4p207 + 1/6 NaePeOis 
For Na 6 p 40 i 8 , prepared by fusing Na 4 Pa 07 -f 1/3 NaePeOis 
For NagPrOsa, prepared by fusing NafP 04 -f NaePeOjg 
For NaioPgOa#, prepared by fusing Na 4 P 207 -h NaePeOis 


0.00021 mole 
0.00019 mole 
0.00018 mole 
0.00020 mole 
0.00018 mole 
approximately 
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The experiments suggest that these compounds produce equal effects per 
molecule because they cover equal areas per molecule. 

Tannic acid evidently coats the same area as pyrophosphate, since one- 
fifth as many moles are required for maximum effect (figure 1), but the 
cross-sectional area of the molecule, C 6 H 706 [—C 0 C 6 H 2 ( 0 H) 20 C 0 C 6 H 2 - 
(OH)a]6, is about five times the cross-sectional area of the pyrophosphate 
molecule. 


EVIDENCE FOR STRUCTURAL BREAKDOWN IN CLAY SUSPENSIONS ON 
CHEMICAL TREATMENT 

Left undisturbed, clay suspensions tend to develop considerable 
mechanical strength or yield value, but most of this mechanical strength is 



lost immediately on chemical treatment, as shown by the curves of figure 3. 
In these experiments the torque just necessary to initiate rotation of a 
metal cylinder imbedded in the suspension was taken as a measure of the 
mechanical strength, or gel strength. Similar data are reported by 
Garrison (6). 

Structural breakdown of suspensions on treatment is shown not only 
by loss of gel strength, but by the disappearance of structural viscosity as 
shown by the curves of figure 4. The relation betw^een viscosity and 
concentration for treated suspensions is in fact often described fairly well 
by the Einstein equation 

iy/)7o = 1 + 2.5Cv 
derived for spherical particles. 
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CRYSTAL STRUCTURE 

Clays are hydrated aluminum silicates, most of which may be classed 
as either kaolins, AI2O3 • 2Si02 • 2 H 2 O, or montmorillonites, AI2O3 • 4 Si02 • H 2 O. 
These formulas represent ideal analyses of the acid or amphoteric clays. 
Both the kaolins and the montmorillonites (or bentonites) are composed 
of superimposed layers of aluminum and silicon bound together through 
oxygen bridges (2). The structures of the kaolin and montmoril Ionite 
unit sheets as given by Hofmann, Endell, and Wilm (10) are reproduced 
in figure 5. Many of these unit §?heets may be combined in individual 
clay particles. Water may penetrate between the unit sheets in mont- 
morillonite and presumably may even cause their (complete separation 
(9, 19). 



Fig. 4. Relations between shearing stress and rate of shear for treated and un¬ 
treated suspensions of Frazier Mountain clay. Stormer viscosimeter. 

Clay particles, like the unit sheets of which they are composed, are them¬ 
selves plates, as can be directly observed in some cases or inferred either 
from streaming in polarized light or from the nature of the twinkling in 
the ultramicroscope. 

GROSS STRUCTURE IN CLAY SUSPENSIONS 

The plate-like character of clay particles is emphasized by Lewis, Squires, 
and Thompson (14), who suggest that overlapping will build up structural 
agglomerates. Broughton and Squires (3) suggest edge-to-edge contact. 
The chief objection (9) is that gelation occurs in fine bentonite suspensions 
so dilute (0.1 per cent) that, for continuous contact, ratios of length and 
breadth to thickness of square platelets of the order of 1000 to 2000:1 are 
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necessary. This objection holds only for suspensions to which salt has 
been added, however, and in the absence of added electrolytes gelation 
has not been observed below 1.4 per cent (8). The particles used to pro¬ 
duce these latter gels might have had ratios of length and breadth to thick¬ 
ness which do permit edge-to-edge contact in semi-rigid structures. 

To explain gelation Salmang (20) has postulated immobilization in 
microscopically thick hulls of boimd water, but calculations based on the 
sorption capacity for exchangeable ions (11) and on heats of sorption (17) 
lead to the conclusion that the thickness of the solvation mantle cannot 
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Fig. 5. Crystal structures of kaolin and montmorillonite (from Hofmann, Endell, 
and Wilm (10)). 


exceed 26 to 40 A; and decreasing setting time with rising temperature is 
also inconsistent with the bound water theory, as solvation is generally 
considered to decrease with temperature (9). Although the existence of 
compressed water in bentonite suspensions is shown by increasing apparent 
density with concentration (9), at low concentrations apparent densities 
are found which are equal to or even less than the dry density of bentonite. 
This suggests that the compressed water is not bound as solvation hulls 
to single particles but that it must be entrapped between particles. The 
forces primarily responsible for structure, therefore, do not arise from 
the bound water. 
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Another view, due to Freundlich and Hamaker (6, 7, 12), is that the 
particles in thixotropic clay suspensions are held at equilibrium distances 
such that forces of repulsion due to interpenetration of the diffuse ionic 
clouds are just balanced by forces of attraction which are assumed to be 
the London~van der Waals forces. Langmuir (13) substitutes for long- 
range van der Waals forces the Coulomb attraction between the micelles 
and the oppositely charged ions in solution. 

The theories of Freundlich, Hamaker, and Langmuir apply to uniformly 
charged particles, but variations of exchange capacity with Si 02 -R 208 
ratio (21), orientation in an electric field (15), and the high electrical 
conductivity of masses deposited on the anode membrane in electrodialysis, 
as opposed to the low conductivity in non-oriented thixotropic systems 
(16), all suggest that positive as well as negative areas are to be found 
on clay particles. 

According to the crystal structures, the planar and transverse surfaces 
of particles should differ radically. Since all transverse surfaces must be 
formed by breaking the lattice, they should expose both aluminum atoms 
with unsaturated valences or unsaturated aluminum-oxygen groups, which 
normally will react with water to form hydroxides, and unsaturated oxygen 
atoms attached to silicon, which normally will react with water to form 
silicic acid. Over the planar silica surfaces secondary valence forces will 
induce acid hydrolysis of adsorbed water, and over planar alumina surfaces 
(as are found in kaolin) the reverse may be expected. Thus, in the same 
particles, both positive and negative reactive areas, points, or edges are 
available. 

Between like surfaces of clay particles, according to the analysis of 
Freundlich, Hamaker, and Langmuir, high equilibrium distances of 
separation arc possible. However, between different kinds of broken 
bonds on the transverse surfaces or at the edges or corners of the particles, 
or between edges and planar surfaces of the opposite charge, or between 
dissimilar planar surfaces, actual contact which may be regarded as 
chemical reaction should be expected. Structures in untreated clay sus¬ 
pensions may be attributed, then, to the combined effects of attraction 
between dissimilar surfaces, edges, or corners, and to repulsion or large 
equilibrium distances of separation which occur primarily between like 
planar surfaces. 

The clay particle may be considered a colloid molecule and symbolized 
by the following formulas: for montmorillonite (bentonite), in neutral 
solution, 

♦ 

H*0 /SiO AiA >H' 

? 

t 

H*q/ao aIT^oh' 


or for kaolin 
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KAOLIN AND BENTONITE 

According to the formulas which have been written, in suspensions of 
hydrogen bentonite elimination of water between particles may occur as 
indicated by the equation, 

± ±^i 

2H*y -4 H*'/ 7 7^4 HP 

♦ ♦ ; 

Since the particles are never of completely regular shape, less ideal con¬ 
figurations result which permit structures in three dimensions. In the 
case of hydrogen bentonite, however, the planar ionic clouds are so feeble 
that there is little or no mutual repulsion; consequently there is no thixo¬ 
tropic structure, but dense aggregates may be formed. Hence well- 
dialyzed bentonites swell only to a limited extent in water, and some clays 
low in alkaline salts, such as are found in wet climates, will not form 
thixotropic suspensions unless small amounts of electrolytes are added. 
The hydrogen clays are but little dissociated, in contrast to the ionic clouds 
which are formed whore hydrogen has been substituted by other metallic 
ions. 

For kaolin the condensation between the ends of particles should be 
analogous to that for bentonite, but the dissimilar planar faces should per¬ 
mit the formation of more compact structures, even in the presence of 
electrolytes. In strong alkalies, however, it is possible that both faces of 
kaolin may hydrolyze acidically with multiplication of particles and 
improved thixotropic behavior. 

Since the dissimilar natures of the planar faces of the kaolin unit sheets 
do not permit separation in water to such an extent as is possible with 
bentonite, there is ordinarily a large difference in particle size between 
kaolin and bentonite particles. This difference can be observed micro¬ 
scopically or inferred from wide differences in settling rate. 

THE PLATING ACTION OF VISCOSITY-REDUCING AGENTS 

Experiments have been described which indicate that viscosity reduction 
by small amounts of certain large negative ions is a surface effect. Pre¬ 
sumably these ions react with the exposed aluminum atoms on the broken 
transverse surfaces. Considering only bentonite and representing the vis¬ 
cosity reducing chemical by Na*^, the reaction can be symbolized thus: 

h V / ^ / *OH' * 2Na.Q -*■ 2H* y ^ + N»OH 

The contact structure has been destroyed, unipolar particles formed, and 
the structural viscosity, therefore, reduced. 
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THE GELLING ACTION OF SALTS 

Figures 6 and 7 show that the amounts of spe^nfic^ viscosity-reducing 
chemicals required for maximum effect with Frazier Mountain clay ar(‘ 
almost in proportion to the amounts of clay, but the amounts of salts 
required to produce gelation seem independent of the amount of clay in a 
given amount of water. This should be true if viscosity-reducing chemicals 
plate certain parts of the exteriors of clay particles, and salts affect the 
ionic atmospheres. 



MILLILITERS REAGENT SOLUTION ADDED TO 120 GRAMS SUSPENSION 

Fig. 6. Amounts of viscosity-reducing chemicals required at different con¬ 
centrations of clay. 

With increasing concentration ordinary salts first raise and then lower 
the yield point and the apparent viscosity of a suspension. According to 
the ideas of Freundlich and Vinograd (12), with increasing ionic concen¬ 
tration the thickness of the double layer is progressively reduced while 
the forces of attraction are constant, and therefore the force required to 
move the particles out of their oriented positions is greatest at an inter¬ 
mediate salt concentration. 

These effects of ordinary salts are superimposed upon and apparently are 
independent of the presence of specific viscosity reducer's. The latter are 
needed only in small amounts and so do not appreciably affect the ionic 
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atmospheres but perform the single function of preventing adhesion 
between particles with consequent destruction of that portion of the gel 
strength and viscosity attributable to structural contact. The gel strength 
may be reduced by adding one of the polyphosphates and then pro¬ 
gressively increased by adding salt, or the salt may be added first, so that 
many possibilities exist for the control of this or other properties. 



Fig. 7. Amounts of salt required for gelation at different concentrations of clay 

The effectiveness of salts in both gelation and coagulation of clay 
suspensions increases steeply with the valence of the positive ion, just as 
in the coagulation of other colloids. 

AMPHOTERIC REACTIONS AND THE EFFECTS OF ALKALIES 

Addition of water to a dry montmorillonite particle may be indicated by 
Q^SiO Al/ + HP H O/So Af/ oH 
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and for this hydrated particle the possible reactions of hydrolysis are: 



In accordance with these formulas, two minima in viscosity or yield point 
curves are observed with increasing pH (1, 14). 

On adding sodium hydroxide to a neutral suspension the first effect is 
to induce the acidic hydrolysis of alumina and then to affect the ionic 
clouds in the same way as salts. This dual action is illustrated by the 
curves of figure 6. The viscosity is reduced at low concentrations of 
sodium hydroxide because particles with uniform sign of charge are formed, 
and at higher concentrations the viscosity is increased because the ionic 
clouds are affected. The viscosity reduction obtained is less than with 
pyrophosphate because the acidic hydrolysis is induced by a mass action 
effect of the alkali, and this electrolyte concentration required for viscosity 
reduction also simultaneously produces some gelation. 

SUMMARY 

1. ('ertain chemicals, such as sodium tannate and various phosphates, 
which in low concentration reduce the apparent viscosity of concentrated 
clay suspensions appear to be adsorbed on specific parts of the crystal 
faces of the clay particles, and to destroy the aggregation of the particles 
into structures. 

2. The gelling and coagulating effects of most salts are attributed to 
changes in concentration of the inter-particle ionic atmospheres. 

3. On the basis of the detailed crystal structures of clays, chemical 
formulas are written for colloidal clay particles and are used in explaining 
the various phenomena encountered with clay suspensions. 
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CHEMICAL PREPARATION OF COLLOIDAL SUSPENSIONS IN 
NON-AQUEOUS SOLVENTS. I 

Methyl Alcohol and Benzene^ 
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Tomaschewsky (9) prepared fairly stable alkali-metal organosols by 
the simultaneous condensation of the vapors of the metal and the dis¬ 
persion medium. Fodiman and Kargin (1) used a method by which they 
condensed metallic vapors in an organic liquid. The change of solvent 
method was used by Horiba, Otagari, and Kiyota (5) and by Von Hoessle 
(10), while Svedberg (7) used an electrical dispersion system. 

A silver suspension in alcohol was prepared by Formstecher (2) by 
reduction of silver nitrate with formaldehyde. Hydrogen sulfide was 
used by Lottermoser (6) to suspend cupric sulfide and mercuric sulfide in 
alcohol. In view of the scant information on the subject it seemed of 

1 This article is condensed from a thesis submitted by Harrison A. Nelson to 
the Faculty of Rhode Island State College in partial fulfillment of the requirements 
for the degree of Master of Science in Chemistry, June, 1938. 

* Present address: Department of Chemistry, Northeastern University, Boston, 
Massachusetts. 

* Present address: Department of Chemistry, The Rice Institute, Houston, Texas. 
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value to try the methods of Gorbowski (3) and Qutbier (4) with organic 
solvents. 


EXPERIMENTAL 

Materials 

All materials used were of c.p. grade. The solvents were methyl alcohol 
and benzene and were redistilled before use. 

Procedure 

The procedure was essentially the same in all cases; a dilute solution 
was prepared in the dispersion medium to be used and the protective 
colloid was added. The reducing agent was added directly or hydrogen 
sulfide was bubbled through the solution. All colloids were filtered and 
examined with a dark-field microscope attachment. 

It was found preferable to filter unprotected sols immediately, rubber- 
protected sols after 24 hr., and cellulose nitrate-protected sols in from 
2 to 4 days. A suction filter was used, with a medium-pore filter paper. 

Owing to the general insolubility of metallic salts in benzene, a concen¬ 
trated solution of the salt was prepared in ether or acetone, and enough 
of this solution added to the benzene to produce the desired concentration. 
The solutions prepared for reductions were generally very dilute. In the 
case of colored solutions, a dilution was made up in which the ion colora¬ 
tion was scarcely visible, so that the optical properties of the sol might 
not be interfered with to too great an extent. Non-colored ions w^ere used 
in a range of concentrations from 0,001 to 2.0 per cent. 

Two compounds were found especially suitable as protective agents. 
Collodion, added on the basis of cellulose nitrate in amounts of 0.2 per 
cent or more, successfully protected suspensions in alcohol. In benzene, 
rubber was generally the protecting agent. Two methods of producing a 
suitable rubber material for this purpose were employed with almost equal 
success. In one method, a 40 per cent commercial latex suspension was 
dried out in a film which was then cut into small pieces and shaken with 
benzene. Not all of the material dissolved, but the solution adequately 
protected suspensions when added in small amounts before reaction. In 
the other procedure, pale crepe rubber was cut up and dissolved in benzene. 
This method was found to produce a more viscous solution with less un¬ 
dissolved material. In both cases standing for 24 hr. was necessary to 
produce a suitable solution. Filtering the rubber solution before adding 
it to the solution to be reduced did not materially impair its stabilizing 
effect, but it was generally found more satisfactory to add the mixture, 
reduce or react the solution in the presence of the undissolved lumps, and 
filter the resulting suspension. ‘‘Gold nuclear solution’^ as mentioned in 
connection with the formation of certain sols, was merely a stable red gold 
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sol, made up in the dispersion medium in use and reduced by hydrazine 
hydrate. 


Reducing agents 

(i) Hydrazine hydrate: A very small quantity of a 40 per cent aqueous 
solution of this material was introduced into the salt solution on the end 
of a glass rod. (2) Phosphorus: A solution of phosphorus in carbon 
disulfide was diluted twenty times with the dispersion medium and a few 
drops of the dilute solution were added to the solution to be reduced. (3) 
Phosphorus and hydrazine (phosphorus-hydrazine): This combination of 
the two preceding reducing agents was found capable of reducing many 
salts upon which other reagents had no effect. The phosphorus was first 
added in slight excess, eight to ten drops of the dilute solution, followed 
by one drop of 40 per cent hydrazine hydrate solution. (4) Tannin: A 
freshly prepared alcoholic solution of tannic acid was added dropwise 
until the first faint signs of color developed, (d) Stannous chloride: A 
concentrated alcoholic solution of stannous chloride was added dropwise 
until the development of color in the reduction of auric chloride solution. 
(6) Hydrogen: Hydrogen gas was passed through a solution of silver oxide 
at a moderate rate for about 20 min., or until the development of a color. 

Reductions at a raised temperature were attempted with the first five 
reducing agents mentioned. The reagent was added to the protected salt 
solution, and the mixture sealed in a tube and heated to 100®C. for 20 min. 

Before filtering the benzene sols, the ether or acetone added in the salt 
solution was removed by boiling. 


RESULTS 

The investigation has resulted in the preparation of many metallic 
and metallic sulfide organosols and the compilation of data on various 
possibilities of organosol formation. In tables 1, 2, and 3 are listed all the 
more stable sols produced from alcohol and benzene, which were observed 
over a period of several months. 

The more significant results of the experiment arc summarized below. 

1, Alcohol as dispersion medium 

(а) Gold: It was not possible to produce red gold sols without first 
adding cellulose nitrate. Reducing an unprotected auric chloride solu¬ 
tion gave a blue sol which had a life of 90 min. Phosphorus, tannic acid, 
and other organic acids did not reduce auric chloride at room temperature. 

(б) Silver: Silver oxide was not reduced by hydrogen at room tempera¬ 
ture. At a temperature of 60®C. hydrogen when passed through the 
solution produced a stable sol with cellulose nitrate; without a protective 
colloid the sol was stable for only 6 hr. 
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(c) Lead: Lead nitrate solution was reduced to a good sol in the presence 
of a small amount of gold nuclear solution, but without the nuclear solu¬ 
tion a white cloud formed. Phosphorus at 100®C. reduced lead nitrate 
to a brown sol, but the phosphorus-hydrazine combination was the only 
other successful reducing agent. Phosphorus reduced lead acetate in 
7 hr. at room temperature, producing a black sol stable for 3 days. 

(d) Bismuth: Bismuth nitrate and bismuth chloride crystals added to 
alcohol produced the white flocculent oxide complex. Filtering removed 
the undissolved material and left a solution reducible to a good brown 

TABLE 1 


Metallic sols in alcohol {with protective colloid) 


DIBPBRSKD 

COMPOUND 

RBDUaNO AGENT 

COLOR 

PHA8K 

REDUCED 

By transmitted light 

By reflected light 

Au 

AuCU 

Hydrazine 

Ruby 

Brown 

Au 

AuCU 

Hydrazine 

Purple 

Gray-brown 

Au 

AuCl, 

Stannous chlo¬ 
ride 

Ruby 

Red-brown 

Au. 

AuCl, 

Stannous chlo¬ 
ride 

Purple 

Dull gold 

Ag. 

AgNO, 

Hydrazine 

Amber 

Olive 

Ag. 

AgNO, 

Tannin 

Deep red 

Gray-brown 

Ag 

AgNO, 

Phosphorus 

Brown 

Black 

Ag 

Ag^O 1 

Hydrogen 

Yellow 

Brown 

Pb 

Pb(NO,), 

Phosphorus- i 
hydrazine 

Yellow to red 
(slow change) 

Green to black 
(slow change) 

Bi . . ! 

BiOCl 

Hydrazine 

Brown 

Black 

Sb... 

SbCl, ! 

Hydrazine 

Yellow 

Yellow 

Ni. . 

NiNO, 

Hydrazine 

Amber 

Lavender 

Cr. 

CrCl, 

Phosphorus 

Yellow 

Green 

Co 

CoCl, 

Hydrazine 

Amber 

Gray-green 

Cu. 

CuBr, 

Hydrazine 

Yellow 

Green 

Hg 

HgNO, 

Hydrazine 

Yellow 

Gray-green 

Sn . . 

SnCl, 

Hydrazine 

Red-amber 

Tan 


sol. The phosphorus-hydrazine combination was the only successful 
reducing agent for bismuth. 

(e) Antimony: Gold nuclear solution was necessary in antimony tri¬ 
chloride solution for the formation of stable sols. The phosphorus- 
hydrazine combination was the only suitable reducing agent. 

(/) Nickel: In the presence of gold nuclear solution, hydrazine hydrate 
reduced nickel nitrate to nickel. Without the nuclear solution, the sus¬ 
pension was an unstable cloudy white. Other reducing agents produced 
unstable sols or no sols at all. 

(flf) Copper: Cupric chloride and cupric acetate were precipitated by 
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reducing agents. Hydrazine hydrate reduced them to suspensions with 
a life of about 24 hr. Cupric bromide was reduced only with the phos¬ 
phorus-hydrazine combination. 

(h) Cobalt: Cobaltous chloride was precipitated by hydrazine hydrate, 
reduced by phosphorus-hydrazine, and unaffected by other reducing 

TABLE 2 


Metallic sols in benzene (with protective colloid) 


DI8PBBSBD 

COMPOUND 

BEDUCINO AGENT 

COLOB 

PHASE 

REDUCED 

By transmitted 
light 

By reflected light 

Au. 

AuCls 

Hydrazine 

Red 

Brown-purple 

Au 

AuCls 

Excess hydrazine 

Purple-blue 

Gray-tan 

Au 

AuCls 

Stannous chloride 

Pink 

Pink-gold 

Ag. 

AgNO, 

Phosphorus- 

hydrazine 

Yellow 

Green-gray 

Ag. 

AgNO, 

Phosphorus 

Amber 

Brown 

Bi . . 

BiONOs 

Phosphorus- 

hydrazine 

Orange 

Brown 


TABLE 3 


Stable metallic sulfide sols in methyl alcohol and benzene (with protective colloid) 


SULFIDE OF 

SALT USED 

COLOB IN ALCOHOL 

COLOR IN BENZENE 

By transmitted 
light 

By reflected 
light 

By transmitted 
light 

By reflected 
light 

Ag 

AgNOs 

Rod-brown 

Black 

Yellow 

Gray 

Pb 

Pb(N03)2 

Brown 

Black 

Brown 

Black 

Bi. 

Bi(NO,), 

Red 

Black 

Yellow 

Tan 

Sb 

SbCls 

Orange 

Tan 



Hg 

HgNOa 

Brown 

Black 



Ni. 

Ni(N08)2 

Black 

Black 

Black 

Black 

Co. 

Co(NOs)2 

Black 

Black 

Gray 

Black 

Sn. 

SnCb 

Amber 

Tan 

Amber 

Tan 

Fe. 

FeCL 





Cu. 

CuCb 

Light green 

Gray 

Light green 

Gray 

As. 

AsCla 

Amber 

Yellow 

Red 

Yellow 

Cd. 

CdClz 






agents. A small amount of cobaltous sulfate, added to the cobaltous 
chloride solution to be reduced, was found to increase the stability very 
greatly. 

(i) Chromium: Reducing agents, with the exception of phosphorus-- 
hydrazine, had no effect on solutions of chromic chloride. Dilute solu¬ 
tions which had been reduced with phosphorus-hydrazine precipitated 
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in a few weeks, but more concentrated chromic chloride solutions, in which 
the green color was very evident, were reduced to form very stable sols. 

0) Mercury: Mercurous nitrate was similar to chromic chloride in that 
concentrated solutions were necessary for stability. Phosphorus reduced 
mercurous nitrate to a black sol stable for 2 months, while other reducing 
agents gave precipitates. 

(k) Strontium: Strontium nitrate was reduced by phosphorus-hydra¬ 
zine, in the presence of gold nuclear solution, to a yellow sol stable for 
2 months. 

(i) Tin: Stannous chloride was reduced by phosphorus- hydrazine alone. 
Only very dilute solutions gave stable sols. Sols produced from solutions 
of a concentration of 0.2 per cent or more flocculated almost immediately. 

2, Benzene as dispersion medium 

The possibility of sol formation in benzene depended on the use of salts 
soluble in acetone or ether, since most salts are insoluble in benzene. 
Those salts giving satisfactory acetone or ether solutions were added to 
benzene as described in the method of procedure, and the various reducing 
agents were used with each. Although salts of antimony, gold, silver, 
lead, bismuth, tin, nickel, chromium, cobalt, copper, mercury, and silver 
were tried, only with salts of gold, silver, bismuth, and tin were stable sols 
possible. 

A pink suspension of gold in benzene, prepared by the use of stannous 
chloride, was stable for 24 hr. without the addition of a second organic 
protective colloid. 

Silver sols were stable for 4 hr. without a protective colloid, but bismuth 
and tin suspensions were possible only in the presence of rubber. 

DISCUSSION 

The following observations are given to show the general behavior of 
various sols and the problems involved in their preparation: 

(i) Gold: This was the most easily prepared suspension. It was found 
possible to form almost any shade of blue, purple, or red gold suspension 
desired. For example, if a light red sol were desired, a dilute solution of 
auric chloride was reduced with hydrazine in the presence of (iellulosc 
nitrate. If a blue suspension were desired, it could be prepared by intro¬ 
ducing the reducing agent before adding the cellulose nitrate. Deeper 
colors were obtained by using higher concentrations of auric chloride. 

During the course of these experiments, it was noticed that the color of 
gold sols reduced in the presence of cellulose nitrate developed from a blue 
to a deep red, and in no case was a red sol formed immediately. This 
phenomenon was very strongly evident in solutions containing a high 
concentration of both salt and cellulose nitrate. In this case the introduc- 
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tion of hydraaine hydrate produced a very light blue color, which slowly 
darkened to black, then to purple, then to red. 

It has been suggested by Svedberg that the difiFerence between blue and 
red gold sols may be due to a difference in the size of the particles, the 
blue sols containing larger particles than the red. This suggestion, how¬ 
ever, is not supported by the above observations. It seems improbable 
that reduction should first form large aggregates which on standing would 
break down into smaller particles. The tendency is rather for condensa¬ 
tion than for dispersion. 

But the proposition of Thiessen (8), that colored aurous oxide may be 
partly responsible for the color of blue sols, is apparently supported. It 
is quite possible that reduction is at first mcomplete, thus producing 
aurous oxide instead of gold in suspension, giving a blue color. Reduc¬ 
tion continuing, the metal stage is finally reached, and the sol becomes red. 

(j^) Silver: The silver sols prepared were quite uniform in color, trans¬ 
mitting yellow to brown light, and reflecting brown-gray to black. These 
sols were unique in appearance under the dark-field apparatus, showing 
white particles in a deep blue field. The microscopic field was practically 
colorless with other sols. 

(S) Lead: Some reduction of lead salts was possible with phosphorus 
at 100®C., but phosphorus-hydrazine was much more successful. With 
the latter reducing agent, the first color observed was light yellow. This 
slowly changed to a deeper yellow in transmitted light and a green-yellow 
in reflected light. There was then no change in coloration for several 
days, when a gradual darkening set in, finally producing a typical dark 
lead sol transmitting brown light and appearing black in reflected light. 

This gradual change of appearance might be analogous to the blue or 
red color change observed in gold sols. It might then be assumed that 
the reduction is slow, and that the first sol contains oxides, or other in¬ 
completely reduced compounds. 

In the case of lead, as with several other metals, the addition of a small 
amount of a gold nuclear solution was found to assist greatly in stabilizing 
sols. The action of the nuclear solution was merely to furnish a large 
number of nuclei, upon which the lead molecules might deposit. In the 
absence of the nuclear material, the first few particles of metal acted as 
nuclei for the agglomeration of the lead subsequently reduced. These 
particles enlarged rapidly and soon precipitated, subsequent lead produced 
by reduction in the solution depositing on the precipitated mass. 

(4) Cohalt: Gold nuclear solutions greatly facilitated the preparation 
of stable cobalt sols, but in this case the addition of a small amount of 
cobaltous sulfate apparently served the same purpose. Evidently the 
cobaltous sulfate was unreduced and partially dissociated, providing some 
stabilizing ions on the particle surface. This procedure might conceivably 
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be as successful with other metals, but in this investigation it was not 
attempted with metals other than cobalt and nickel. 

(5) Iron: Iron sols prepared with phosphorus-hydrazine were first deep 
red, very similar to the red of a gold sol, but later changed to a green or 
black. The red sol was proved by dark-field examination to contain col¬ 
loidal particles. The other colored suspensions might possibly have con¬ 
tained compounds instead of the metal. It is even possible that the red 
sol was of ferric oxide, as a slight amount of water was introduced with 
the hydrazine in reduction. 

{6) Chromium: The unusual behavior of chromium sols in the matter 
of stability with respect to concentration might well be investigated. The 
fact that higher dilutions are less stable is in direct opposition to what 
appeared to be the general rule in all other cases. It is possible that a 
strong excess of unreduced ions is necessary to form the stabilizing layer. 

Protective colloids 

A wide variety of material was used in an attempt to stabilize the sols, 
but few substances were satisfactory. The protective properties of cellu¬ 
lose nitrate have not been investigated thoroughly. Rubber, on the other 
hand, has often been used. Among the many compounds employed were 
stearates, linoleates, glycols, and Glyco products, shellac, waxes, and 
paraffin. 

Ammonium stearate prolonged the life of a blue gold sol in alcohol by 
8 hr., but was otherwise ineffectual, as were all other compounds tried. 

Effect of aging 

During the first few weeks after the formation of a stable sol, some 
changes were noticed. By the end of the first week, a slight precipitate 
was often present in the bottom of the vessel. This preliminary precipita¬ 
tion was almost universally noted in greater or lesser degree. The character¬ 
istic appearance and stability of the residual sol were, however, in no wise 
affected, and if the sol were filtered after several weeks' standing, no further 
change or precipitation was noted. It is probable that the precipitated 
material consisted of irregular shaped particles and particles of greater than 
colloidal dimensions. It is also possible that some organic compounds 
were included in the precipitate as the result of side reactions in the 
organic liquids. 


Sulfide sols 

The table of sulfide sols is rather complete, and little need be said of the 
results. It is fairly simple to suspend sulfides in organic liquids, owing to 
their general insolubility. But some attempts were unsuccessful, owing 
to precipitation of the sulfide. Removal of the excess hydrogen sulfide 
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after reaction could be accomplished by passing a current of air through 
the solution or by boiling, but a somewhat greater general stability was 
evident if some hydrogen sulfide were left, it being apparently sufficiently 
dissociated to supply stabilizing ions. 

SUMMARY 

1. By the use of hydrazine hydrate, phosphorus, stannous chloride, 
tannin, and other reducing agents, stable colloidal suspensions of several 
metals were prepared in methyl alcohol and benzene. The concentration 
of salts used varied from 0.001 to 2.0 per cent. A combination of phos¬ 
phorus and hydrazine was necessary to reduce salts of copper, lead, tin, 
and antimony. 

2. Colloidal suspensions of metallic sulfides were prepared in the same 
dispersion media by passing dry hydrogen sulfide through dilute solutions 
of metallic salts. 

3. Protective colloids were generally found necessary for stability. 
Cellulose nitrate, in concentrations of 0.2 per cent or more, successfully 
protected sols in alcohol, while rubber was found to be necessary for ben¬ 
zene. Some sulfide sols were very stable without protective colloids, but 
unprotected metal sols were short-lived. 
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CHEMICAL PREPARATION OF COLLOIDAL SUSPENSIONS IN 
NON-AQUEOUS SOJ.VENTS. II 

Ether, Dioxane, and Acetone 

ARTHUR A. VERNON 1 and HARRISON A. NELSON^ 

Department of Chemistry, Rhode Island State College, Kingston, Rhode Island 

Received April 11, 1939 

In a previous paper the authors (1) have described the preparation 
and properties of some inorganic colloids in methyl alcohol and benzeiu'. 
This paper gives the nvsults of similar experiments with diethyl ether, i ,4- 
dioxane, and acetone as the solvents. 

experimental 

Materiah 

All materials used were of c.p. grade. The solvents, diethyl ether, 
1,4-dioxane, and acetone, were redistilled before use. 

Procedure 

The methods by which the colloids were prepared were the same as thovsc 
reported in the previous paper. The observations there made about the 
use of reducing agents and of hydrogen sulfide were found to apply ecpially 
well to ether, dioxane, and acetone as solvents. The protective agents 
used were collodion for acetone and dioxane and rubber for ether. Theses 
were used in the same way as described previously. 

RESULTS 

The results of tluj investigation are shown in tables 1, 2, 3 and 4, which 
list the stable metal and metallic sulfide sols prepared. 

The more significant results of the exi)eriments an' set forth below, 
classified under the dispersion medium and dispersed phase. 

/. Ether as dispersion medium 

(а) (lold: Stable gold sols were easily prepared with phosphorus, hy¬ 
drazine hydrate, and stannous chloride in th(a presence of rubber. With¬ 
out protective colloids, purple or blue sols of 30 to 60 min. stability were 
formed with the same reducing agents. 

(б) Silver: Salts of silver are insoluble in ether, and sols were there¬ 
fore impossible in the pure solvent. Addition of a very small amount of 

1 Present address: Department of Chemistry, Northeastern University, Boston, 
Massachusetts. 

* Present address: Department of Chemistry, The Rice Institute, Houston, Texas. 
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an alcohol solution of silver nitrate produced a sufficient concentration 
to give a sol when reduced, but the dispersion medium could no longer be 
considered pure ether. 

(c) Other elements: With the exception of bismuth, tin, and iron, other 
metals presented a problem similar to that met in silver. Although some 

TABLE 1 


Metallic sols in ether (with protective colloid) 


DIB* 

PSBBSD 

PHABIQ 

COLOB 

RBDnCING AOENT 

MBTALUC SALT 
RBDT7CBD 

By transmitted 
light 

By reflected light 

Au. 

Rose 

Tan 

Hydrazine 

AuCls 

Au. 

Rose 

Tan 

Phosphorus 

AuCU 

Bi 

Red-brown 

Brown-gray 

Phosphorus-hydrazine 

BiONO, 

Sn 

Yellow 

Green 

Phosphorus-hydrazine 

SnCL 

Fe 

Green-yellow 

Dark-gray green 

Phosphorus-hydrazine 

FeCls 

Pb. . 

Yellow 

Green-yellow 

Phosphorus-hydrazine 

Pb(C,H«0,)2 


TABLE 2 

Metallic sols in dioxane (with protective colloid) 


DIB- 

1 COLOR 





REDUCIMO AOENT 

METALLIC HALT 

PBKBBD 



PHASE 

By transmitted 
light 

By reflected light 


REDUCED 

Au 

Purple-red 

Brown 

Hydrazine 

AuCls 

Au. 

Purple 

Brown 

Stannous chloride 

AuCl, 

Au 

Purple-blue 

Brown 

Excess hydrazine 

AuCl, 

Fc 

Red 

Brown 

Phosphorus-hydrazine 

FeCl, 

Sb 

Yellow 

Yellow 

Phosphorus-hydrazine 

SbCl, 

Ag 

Light yellow 

Gray 

Hydrazine 

AgjO 

Pb . 

Red-brown 

Brown-gray 

Phosphorus-hy drazi ne 

Pb(C,H,0,). 

Bi 

Red-brown 

Brown 

Phosphorus-hydrazine 

BiONO, 

Ni . . 

Yellow 

Gray 

Phosphorus-hydrazine 

Ni(NO,), 

Co.... 

Amber 

Tan 

Phosphorus-hydrazine 

Co(NO,), 

Hg 

Tan 

Dark gray 

Phosphorus-hydrazine 

HgNO, 

Cu. 

Red-brown 

Tan-gray 

Phosphorus-hydrazine 

CuCl, 


salts were slightly soluble, none of those used was capable of producing 
sols on reduction. 


2, Dioxane as dispersion medium 

(a) Gold: A blue sol was formed by reducing auric chloride in dioxane 
without a protective colloid. Precipitation was complete in one minute. 
Stannous chloride reduced auric chloride to a deep blue sol in the presence 
of cellulose nitrate, the color changing to light purple on long standing. 
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Phosphorus-hydrazine gave a definite green sol with auric chloride, stable 
for several months. 


TABLE 3 


Metallic sols in acetone {with protective colloid) 


DIB- 

PBBSICD 

PBASB 

COLOR 

KKDUCINU AGENT 

METALLIC SALT 
KEOUCED 

By transmitted 
light 

By reflected light 

Au. 

Amber 

Tan 

Phosphorus-hydrazine 

AuCh 

Ag 

Yellow 

Yellow-gray 

Hydrazine 

AgNOa 

Ag 

Red-brown 

Black 

Phosphorus 

AgNOa 

Bi 

Yellow 

Yellow-green 

Phosphorus-hydrazine 

BiONOs 

Ni. . 

Red-brown 

Black 

Phosphorus-hydrazine 

Ni(N08)2 


TABLE 4 


Stable metallic sulfide sols in ethers dioxanCy and acetone {with protective colloid) 


8ULr 

PIDE 

OF 

IN ETHER 

IN DIOXANE 

IN ACETONE 


Color by 
tran8> 
mitted 
light 

Color by 
reflected 
light 

Color by 
transmitted 
light 

Color by 
reflected light 

Color b> 
transmitted 
light 

Color by 
reflected 
light 

SALT USED 

Ag 



Brown 

CJray 

Light 

Gray 

AgNOs 






brown 



Pb 



Light 

Gray 

Brown 

Black 

Pb(NO,)2 




brown 





Bi 



Light 

Light 

Red-brown 

Brown 

Bi(NOa), 




brown 

brown 




Sb 

Red 

Orange 

Red 

Orange 

Red 

Orange 

SbCla 

Hg 

Gray 

Gray 

Black 

Black 

Gray 

Black 

HgNOa 

Xi 

Gray 

Black 

Black 

Black 

1 Gray 

Black 

Ni(N03)2 

Co 

Gray- 

Black 

Brown 

Black 

1 Brown 

! Black 

1 Co(NOs)2 


brown 




i 

, 1 

i 

1 

Sn 

Amber 

Olive 

Amber 

Yellow 

; 1 


SnGL 

Fe 


j 

Light 

Gray 

1 Green 

Gray 

FeCL 



1 

brown 





Cu 

.Amber 

Gray 



i 

I 


CnCU 

As 

Orange 

Yellow 

.Amber 

Yellow 

Yellow 

Green 

AsCL 

Cd 

1 




Orange 

Yellow 

(MCL 


(6) Silver: Silver oxide was used in dioxane, as silver nitrate is insoluble 
in this solvent. Silver oxide was reduced to stable sols with most reducing 
agents. 

(c) Lead: Lead salts were reduced by phosphorus-hydrazine alone in 
dioxane. Lead acetate was reduced to a very stable sol, while lead nitrate 
was reduced to unstable sols. 
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(d) Nickel and cohalt: Nickel and cobalt nitrates were reduced by phos- 
l>horus“ hydrazine to stable sols, while their chlorides formed unstable 
sols. A small amount of cobaltous sulfate solution or a small amount of a 
gold nuclear solution added to cobaltous nitrate solution before reduction 
guaranteed stability. 

(c) Copper: Copper (‘hloride was reduced to a stable sol by phosphorus- 
hydrazine, but the nitrate formed unstable sols. 

(J) Chromium: Chromium salts were reduced by phosphorus “hydra¬ 
zine, but precipitation was immediate. 

S. Acetone as dispersion medium 

(а) Gold: Reduction by hydrazine in acetone solution was impaired 
by the reaction between acetone and hydrazine. Auric (chloride was 
reduced to a blue or purple suspension with hydrazine hydrate in the 
presence of cellulose nitrate, but on standing the sol reverted to a clear 
yellow solution, evidently auric chloride, which again formed a blue sol 
on addition of hydrazine hydrate. The sol disappear(‘d for a sticond time 
and further addition of hydrazine hydrate failed to bring it back. Stan¬ 
nous chloride added to auric chloride solution produced a tan (colored 
sol, evidently not of metallic gold. Other reducing agents were ineffc^ctive 
with auric chloride. 

(б) Silver: Silver nitrate was reduced to a stable sol by phosphorus. 
Hydrazine hydrate had an effect similar to that observed with auric 
chloride, except that on the third addition of the reagent a stable sol was 
formed. 

(c) Lead: Lead acetate solution reduced with phosphorus-hydrazine 
was cloudy, and precipitated in 8 hr. Lead nitrate reduced with an ex¬ 
cess of phosphorus followed by hydrazine produced a lead sol stable for 
several weeks. 

(d) Antimony: Reduction of antimony trichloride by phosphorus- 
hydrazine gave a white flocculcnt precipitate. 

(e) Nickel: Nickel nitrate solution reacted with hydrazine hydrate in 
the same manner as silver. Three separate reductions were necessary to 
produce a stable sol. 

(/) Chromium: Chromic nitrate dissolved in acetone and was apparently 
partially reduced by the solvent, producing a cloudy sol, which precipi¬ 
tated in a short time. 


DISCUSSION 

The general characteristics of sols in methyl alcohol and benzene as 
given in the previous paper were found to apply equally well to ether, 
dioxane, and acetone. A comparison of the results of experiments with 
the five solvents showed that the stability of the suspensions decreased in 
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the order alcohol, dioxane, benzene, ether, and acetone. The general 
problem of stability of sols in non-aqueous media appears to be very 
interesting and should merit further investigation. It is hoped that more 
work may be done in this laboratory to determine changes and precipita¬ 
tion characteristics. 


SUMMARY 

1. Suspensions of several metals in ether, dioxane, and acetone have 
been prepared by reduction methods. 

2. Colloidal suspensions of metallic sulfides in the same solvents have 
been prepared by double decomposition reaction with hydrogen sulfide. 

3. As reported in previous work on methyl alcohol and benzene, pro¬ 
tective materials were necessary to ensure stability. Cellulose nitrate 
was used with dioxane and acetone, while rubber w^as the best agent with 
ether. 

4. A comparison with results published in a previous paper shows that 
the suspensions decrease in stability in the order alcohol, dioxane, benzene, 
ether, acetone. 
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THE INFLUENCE OF BROWNIAN MOVEMENT ON THE 
VISCOSITY OF SOLUTIONS' 

R. SIMIIA 

Department of Che^mstry, Columbia University, New York City, New York'" 
Received May 12, 1939 
INTRODUCTION 

The study of the internal friction of pure liquids is of great technical as 
well as scientific interest. From the latter point of view^ it has become 
especially important, since a more intensive study of the liquid state has 
been undertaken. The viscosity and its dependence on other quantities 
have been shown to furnish substantial information about the structure 
of the medium considered. 

No less important is the study of the viscosity of solutions, especially 
in the study of the high polymers. Besides technical problems this 

^ Presented at the Ninety-seventh Meeting of the American Chemical Society, held 
at Baltimore, Maryland, April, 1939. 



26 


B. SIMHA 


question arose: On the basis of the viscosity of a solution, to what extent 
is it possible to draw quantitative conclusions as to the shape and shse of 
particles suspended therein? Although it is not yet possible to give a 
comprehensive answer, much progress has been made both by experiment 
and theory. A detailed representation of these problems is found else¬ 
where (7, 15; also the last paper mentioned in reference 3). 

Einstein (2) was the first to calculate the viscosity of a suspension of 
spheres on the basis of the phenomenological hydrod 3 mamic equations. 
Here a necessary assumption is that the suspended particles are large 
compared with the molecules of the solvent. It is further assumed that 
no gliding between solid and liquid occurs. Jeffery (11) treated the same 
problem for ellipsoids. Both authors restrict themselves to dilute solu¬ 
tions and rigid particles and obtain proportionality between the specific 
viscosity and the concentration, c: 

M MO 

-- ^ = VC 

Mo 

(fio is the viscosity of the solvent; n is the viscosity of the solution.) The 
factor V has the value 2.5 for spheres and is a function of the axial ratio 
for ellipsoids. We shall refer to this paper. Recently Eirich, Guth, 
Simha, and coworkers (3, 7) tried to extend the theory and at the same time 
to investigate the validity of the underlying assumptions by experiments on 
models of known characteristics. 


THE PURELY HYDRODYNAMIC CASE 

Before considering the influence of Brownian movement on the behavior 
of suspended particles, such of Jeffery\s results as are used in this paper 
may be briefly discussed. He calculates the motion of an ellipsoid sus¬ 
pended in a liquid with a velocity Ui^\^ is composed by a rotation and 
a distortion, as a pure translation of the fluid is not disturbed by the presence 
of the ellipsoid, if inertia forces are neglected. One must therefore find a 
solution of Stokes^ equations 

wvV- = |?1 




which gives at infinite distance from the particle 

Ui = = o.vr, + ^kXi — iiXk 

* In the following i, k, I follow from each other by cyclic permutation; summations 
are performed only on twice occurring indices r, s. 
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{aik aiid {jfc are constant components of distortion and rotation, respec¬ 
tively.) The Xk refer to axes fixed in the particle, which will perform a 
rotation with the angular velocities c*)<, so that on the surface of the ellipsoid 


Ui = WkXi — (t>lXh 


The resultant couple acting on the particle must vanish, as inertia forces 
were neglected. This gives the values of w*. 

Finally Jeffery considers the special case of a motion between two flat 
plates, where the one moves uniformly against the other, as approximately 
realized in a Couette apparatus: 

f f gx f t 

Ui ^ ^ 0 , Uz = KX2 


The primed quantities refer to a system fixed in space. On introducing 
the Eulerian angles d, one obtains for an ellipsoid of revolution with 
the semi-axes ai and 



the equations of motion of the immersed particles: 


^ ^ (1 + cos 2ip)y sin 

2 4 

and therefore 



2^ sin 2ipj 


tg^ = 


<p cos I? + ^ ~ cos 


2afa2 


(cti 4“ 02 )(l "b P cos 2<p) 


( 2 ) 


For t = Of <p = 0, fc is an integration constant determined by the initial 
value of d which, however, is unknown. It is a measure for the angle of the 
cone described by the axis of revolution about the normal to the plane of 
the undisturbed motion. Every k value is consistent with the equations 1. 
At the present state of the theory, where inertia and the iion-stationary 
terms in the hydrodynamic equations are neglected, it is not possible to 
eliminate this undeterminateness without additional assumptions. This 
lack is felt not only in problems of double refraction of flow, but also here, 
as k enters in the expression for the dissipated energy and therefore 
determines the viscosity. For the increase of energy dissipated per unit 
time and due to the presence of the particle, one obtains 


dW _ 4ir 2 (f <^1 I 1 

dt 3 ^ \\2o20£ia2 2a2ai 



sin^ 2c? sin^ 


+ 


cos^ 

02^1 


+ 


2 sin^ 

^ 2(^1 + ctl). 


(3) 
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In equation 3 ^ has to be expressed by (p and k with the aid of equation 2; 
the «»•, a[' are functions of ai and 02 , defined in Jeffery^s paper. dW/dt 
is a function of the time t. The average value is found by computing the 
integral 



Jeffery assumes that the particles are orientated in a manner which 
corresponds to a minimum of dW/dL This gives for prolate ellipsoids 
k = 00 , t? = 0, i.e., the axis of revolution is normal to the plane of flow, 

whereas fc = 0, ^ corresponds to a maximum, and vice versa for oblate 

spheroids. Experiments on models show that long particles strike into the 
plane of flow with increasing axial ratio and there orientate themselves 
parallel to the direction of flow in contradistinction to the minimum 
hypothesis.^ Using the method of small vibrations, the author (18) 
was able to show that the more elongated the particles, the more stable 
becomes the position in the plane of flow. 

PARTICLES WITH BROWNIAN MOVEMENT 

With decreasing particle size and velocity gradient and increasing tem¬ 
perature, the influence of the rotatory Brownian movement must be 
considered. The heat motion of the solvent molecules by means of collisions 
with the solute particles tends to bring about an isotropic angular distri¬ 
bution of the ellipsoids. The ratio k/D {D ^ rotational diffusion constant 
of the spheroids) is a measure for this influence, which shows a certain 
analogy to the orientation of dipoles in an external field. Also in this 
case the distribution function F{(p) of all possible directions is determined 
by a generalized diffusion equation. With the aid of F the average value 
dW/dt can be calculated. In the purely hydrodynamic case characterized 

K 1 

by ™ > 00 the distribution function is proportional to as is evident from 

equation 3a. We shall not go here into details concerning this problem of 
so-called ‘^partial Brownian movement.'^ For a critical discussion see 
references 3 and 7. The <p — t} coupling and therefore the undeterminateness 
mentioned before persists so long as there is any orientation tendency 

5 J. M. Burgers in the Second Report on Viscosity and Plasticity (Amsterdam, 
1938) remarks that the orientation for long particles parallel to the undisturbed 
velocity gives practically the same value for the viscosity as Jeffery^s minimum 
value. It is, however, much smaller than that found in the experiments mentioned. 
This fact seems to be due essentially to concentration effects (c/. page 33). 
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effective in the flow. This is no longer the case for complete Brownian 
movement. Here the gradient k is so small and the thermal motion of the 
particles is so intensive that the ratio k/D tends toward zero. The macro¬ 
scopic flow is no longer able to bring about a regular rotation of the 
ellipsoids. Their axes on the average are uniformly distributed through 
the liquid. At the same time, however, a change must be made in express¬ 
ing the dissipated energy as a function of the orientation. The hitherto 
used formula 3 was derived with the aid of the equations of motion 2. 
It therefore implicitly involves a coupling of the angles (p and t?. Now if 
the particles have no regular motion within the plane of flow,^ then the 
same must hold for the motion referring to t?, which would in any case 
induce an orientation tendency. Therefore no mutual dependence of the 
angles which described the gyroscopical motion of the ellipsoids in the 
hydrodynamical case exists. In this way two modifications in the former 
considerations occur: (a) The problem to be dealt with depends on two 
independent variables ^ and t?. The distribution function F therefore 
equals 7^/4TT (N = number of suspended ellipsoids), (b) One must assume 
vanishing spins and calculate the energy increase due to ellipsoids at 
rest, orientated under all possible angles t?, v? against the direction of the 
undisturbed flow. 

For this purpose we can use Jeffery's solution of equations 1 in inserting 
o)i = 0 in his formulas 22, 24, and 26. In order to calculate AW/At one 
describes as usual a sphere of finite radius R around the particle, but so 
that R > Ui, 02 . Then the rate at which work is done by the hydro- 
dynamical stresses on the surface of the sphere is computed. As explained 
in Jeffery's paper, one considers for this purpose a motion which assumes 
on the boundary of the sphere the velocities of the undisturbed motion. 
As R is finite, to the solution of equation 1 used hitherto a second motion 
has to be added, so that the resultant solution fulfills the condition men¬ 
tioned before. The calculation gives: 




^ This motion tends to drive elongated ellipsoids in the direction of flow {<p == 7r/2), 
as in this position ^ reaches its minimum. 
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The rate of work done is given by the integral 

//tt‘VdS 

extended over the surface of the sphere. Here the pr are the components 
of the stress acting normal to the surface: 


and 



Pr. = 


— P^rs + MO 



Inserting from equation 4 one obtains for the heat increase due to an ellip¬ 
soid of revolution a 2 = as, 


dW __ IGttmo f , a 22 4" ajs 4“ 2a23 . 2(ai2 4* ctiz) 

d< 3 \ 2 a 20 tia 2 2alai otiicLi + al) 

-L 4~ 2a2](u i2 4“ (hz) a2(o>i ~ aD(Qi8t2 Qiofe ) 

^*2[2uia2«2 4" (ui 4* a2)ac2]i 


The terms in the first line are Jeffery’s. As expected, an increase of energy 
results from the assumption that the particles do not follow the motion of 
the fluid. 

For the Couette streaming one obtains: 


dW 

dt 


(i>, (p) = ™ (r?, 

L jjeff. 


, 47r 2 i [« 2 (ai 4“ 02 ) 4- 2 a 2 l(sin* — sin^ sin* 2(p) 

4 . —fi^K ^ -- 


V 


CK2[2ai (12 0(2 4“ (ui 4“ ^ 2 ) 0 ( 2 ] 


+ 


aiial — a?) sin* ^ cos 2(p 
0(2[2(Zi(Z*0(2 4“ ((Zl 4* ( 3 ^ 2 ) 02 ] 
2 


where 


Ld^ . 


Jjeff. 


-T7- 2 . ^ “■ 

0(2(Ul 4 - 02 ) 

is given by equation 3. Now as the average value 


>(5a) 
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the final result for the factor y is: 


+ 


= + ._l_ 1 _ \±. 

ttl 02 \\2ci2^2 2(l20ti Oi2{€li H~ ^C^OLi 

J_ f_0^2 (01 + Q2) + 2 ai 


+ 


+ 


3a2(cti “j“ at)) <ii(i2 \Qf2[2ftifliQf2 “h (fli 4" 02 ) 0 ^ 2 ] 


_2_12 

«2(tti + al)} 5 


In the limit/ > 1 one gets: 

/ 


Rods: V ~ 


Disks: v — 


+ 


/ 


. . + li / = “i 

15(log2/-|) ■ 5(log2/-i) ^ 15’ •' o. 


16 / 

15 tang~‘/ 


/ = 


O 2 

Oi 


( 6 ) 


(6a) ^ 


DISCUSSION 

The first part in the first line of expression 6a was derived by Eisenschitz 
(8) in starting from the energy formula 3 for the case without heat motion. 
From our assumptions results a rather large increase in the calculated 
viscosity. The approximately quadratic dependence on the axial ratio / 
for rigid rods, and only on/, however, is preserved. Whatever assumptions 
may be made concerning the orientation in the purely hydrodynamic case, 
one obtains always approximate proportionality with the first power of / 
for rods. The disorientation tendency of the thermal agitation therefore 
increases the viscosity in the solution as compared with the viscosity 
without Brownian movement, as expected. 

These results are valid for every motion with constant components of 
rotation and distortion, as was shown by the author (19). Although only 
proved in using expression 3, one can assume that the result will continue 
to be valid in this case. However, the only streaming of that kind which 
has been produced is the laminar Couette flow previously considered. 

* Note added in proof: Poison (Kolloid-Z. 88, 51 (1939)) measured the viscosity of 
solutions of various proteins, whose molecules had axial ratios varying from about 
3 to 10. Using an empirical equation 

= 4.0 -h 0.098/2 

and diffusion data, he obtained values for the molecular weights agreeing satis¬ 
factorily with those found by ultracentrifugal measurements, being slightly greater, 
while the theoretical expressions used always gave values that were too low. 

Our expressions 6 and 6a on the other hand give values for the molecular weights 
slightly lower than those resulting from the empirical formula, and in this way satis¬ 
fying agreement with the experimental data. 
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In many cases viscosity measurements were carried on in a capillary 
tube viscosimeter, so that our formulas should not be directly applied. 
Theory predicts (20) the same viscosity values for dilute solutions in both 
types of flow without Brownian movement influence and neglecting inertia. 
The latter effect presumably lowers the viscosity, according to experiments 
by Eirich and Goldschmid X4) and some preliminary calculations. When 
the heat motion enters intp play in the solution, fundamental differences 
between the results obtained in the two cases are to be expected, as the 
distribution function F and thus also the dissipated energy will depend on 
the velocity gradient which varies from point to point in the tube. In 
approaching the limit of complete Brownian movement, however, one 
should get equal viscosity values for dilute solutions in Couette and 
Poiseuille, since inertia forces will be of much less importance for small 
particles than for the big ones in the hydrodynamic case. 

Results of a direct quantitative comparison of these considerations with 
experimental data do not appear to be very illuminating. StaudingerV 
measurements (21), for instance, for polystyrene solutions combined with 
formula 6a would provide values for the chain length in fair agreement 
with those found by other methods. These results, however, do not 
differ enough from those found with the aid of Eisenschitz^s expression to 
make a decisive conclusion concerning the basic assumptions in the 
derivation of our viscosity formula. 

It appears interesting to evaluate Meyer and van der Wyk’s (16, 17) 
very exact measurements on paraffin solutions in carbon tetrachloride in 
the light of results furnished by the hydrodynamic theory. The values 
found for the factor v are in several cases lower than that calculated by 
Einstein for spheres, in disagreement with the theory, so that we must 
assume with Burgers (1) that the addition of the solute changes the 
solvent, or that the hydrodynamic treatment is quite inadequate for these 
cases. 

On the other hand, discrepancies between the theoretically calculated 
dependence of the viscosity increase on the dimensions of the solute par¬ 
ticles and that deduced by Staudinger from his measurements clearly show 
that flexibility of the chains must be taken into account.® This effect 
not only changes the relation between molecular weight and chain length 
according to the theory developed by Kuhn and Mark (10, 12, 13, 14), 
but also reduces the energy dissipated in the flow. For flexible particles 
do not disturb the distortional part of the viscosimeter flow to the same 
extent as rigid ones. This follows also from recent experiments by Eirich 
and Sverak (6), who found a remarkable viscosity decrease wdth increasing 

* For an interesting treatment of flexibility using Kuhn^s (Z. physik. Chem. A161, 
1 (1932)) approximations, see M. L. Huggins (J. Phys. Chem. 42, 911 (1938); 4$, 439 
(1939)). 
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degree of swelling of their models. Theory and experiment further show 
(6, 9) that the linear range of the viscosity versus concentration graph 
decreases rather rapidly with increasing axis ratio, so that neglect of the 
hydrodynamic reciprocal action of the solute particles is no longer justified, 
although the flexibility effect may counteract this tendency. This influ¬ 
ence of concentration must be considered also in the case of overwhelming 
thermal motion. 

On principle it must further be examined, whether the theoretical 
methods used are still appropriate in the case considered, where the par¬ 
ticles of the solute sometimes are of almost molecular size, at least in one 
dimension. The experimental material and the points mentioned indicate 
that a complete elucidation of these questions can not be expected from a 
purely hydrodynamic theory in the form hitherto used, because of the 
complex superposition of such factors as concentration, degree of dis- 
persity, rigidity of the suspended molecules, Brownian movement, and 
solvation. Therefore a statistical and kinetical treatment of these phe¬ 
nomena similar to that started in pure liquids should parallel the phe¬ 
nomenological one, although the treatment in this case appears to be more 
complicated than in the case where only molecules of one kind are present. 
Further experiments, especially in respect to the temperature dependence 
of all operative influences, appear to be necessary also. Nevertheless it 
seemed desirable to discuss some aspects of the problem at the present 
state of theory and experiment, in order to establish a point of departure 
for investigations in the directions indicated. 

SUMMARY 

The calculation of the viscosity of dilute solutions of non-spherical 
particles as a function of their dimensions and of the concentration was 
discussed. Three different cases must be distinguished according to the 
magnitude of the factor k/D (D = rotational diffusion constant of the par¬ 
ticles assumed as spheroids and k = velocity gradient of the flow in the 
viscosimeter). k/D infinite characterizes the purely hydrodynamic case, 
treated by Jeffery for the case of a Couette streaming. 

Finite k/D means that the irregular thermal motion is superimposed 
upon the orientation tendency of the shear. This problem and its difficul¬ 
ties, due to the incompleteness of the hydrodynamic solution, were not 
further discussed, but the third case of complete Brownian movement 

was considered. Here the macroscopic flow is no longer able to 

bring about a regular rotational motion of the ellipsoids against the thermal 
motion, which, on the average, effects an isotropic distribution of the 

particle axes in the fluid. The specific viscosity ~ was calculated. 
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Possible extensions of these results to other types of flow, especially the 
streaming in a capillary tube, were discussed. Theoretical considerations 
as well as experimental results show improvements in the theory and 
further experiments to be necessary. 

The author wishes to thank the Faculty Fellowship Fund for the grant 
which enabled him to carry on this work. He is especially indebted to 
Professor V. K: La Mer, in whose laboratory the work was done. 
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A satisfactory understanding of the properties of a polycrystalline metal 
is dependent on a knowledge of the properties of the individual crystals. 
Especially is this true of the important surface phenomena such as photo¬ 
electric and thermionic emissions, extraction of electrons by intense fields, 
thermoelectricity, diffraction of low-voltage electrons, adsorption of gases, 
corrosion, and contact catalysis. Many of these properties have been 
shown to vary with the crystal plane along which the surface is prepared. 

In an effort to prepare single crystals of copper for use in the study of 
adsorbed gas by means of the diffraction of low-voltage electrons, consider¬ 
able difficulty was encountered in obtaining satisfactory and reproducible 
surfaces. Very little information seemed to be available on the proper 
etching reagent to be used in developing a smooth surface parallel to a 
particular crystallographic plane. The method herein described offers a 
simple way of preparing very smooth surfaces on single crystals for use 
in the study of any of the surface phenomena of copper. The surface may 
be made parallel to any desired crystallographic plane. In making 
measurements on metallic surfaces it should be emphasized that a slight 
improvement in the preparation of the surface will often be of far more 
value than a painstaking improvement in the method of making the 
measurement. 

THE GROWTH OF SINGLE CRYSTALS OF COPPER 

The furnace used for the growth of the single crystals is a modification 
of the furnace developed by Quimby (3), who employed the Bridgman 
method (1) for metals with melting points as high as 1500®C. A few 
changes have been made in the furnace described by Quimby to simplify 
its construction and operation for the growth of crystals of copper. A 
front view is shown in figure 1. Only the parts which differ essentially 
from those used in the furnace developed by Quimby will be described. 

The crucible E is made from a graphite rod of the highest purity, 9 in. 
long and 1 in. in diameter, with a hole i in. in diameter and 5 in. long 
drilled in one end, the lower IJ in. being tapered to a point. The crucible 
is supported on an alundum rod, which in turn is supported by means of 
a piece of J-in. iron pipe which floats in mercury in tube O. 

The crucible containing the molten metal is slowly lowered by lowering 
the leveling bulb L, which is partially filled with mercury and connected 
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to the pipe O by a piece of rubber pressure tubing and a section of glass 
tubing as shown in figure 1. The top of the leveling bulb is also connected 
to the furnace through the base-plate by means of rubber tubing, the weight 
of which is carried by counterweights suspended from pulleys K. The 



leveling bulb is suspended by a piece of strong string which is wound 
around the i-in. shaft at J. The shaft is turned by a variable-speed elec¬ 
tric motor connected to the pulley J through two sets of reducing gears 
and the necessary belts. The motor and reducing gears are moimted 
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on a separate stand in order to prevent vibrations in the furnace. For the 
growth of a single crystal of copper, f in. in diameter and 5 in. long, the 
crucible was lowered at the rate of | in. per hour. The use of the leveling 
bulb for lowering the crucible was found to be more satisfactory than the 
revolving stopcock (3), since it avoided the diflSculty of keeping the latter 
well greased. 

The opaque fused-silica tube D is sealed to the steel base-plate N by 
means of a vacuum-tight joint. This is obtained by using stopcock grease 
between two brass rings, one of which is sealed by picein wax to the bottom 
of the silica tube and the other to the base-plate. The wax and grease 
are kept cool by circulating water through five turns of |-in. copper tubing 
soldered to the bottom and one turn to the top of the plate as shown. 

The electrical leads to the furnace windings are brought into the furnace 
through a glass arm M, which is attached by a piece of rubber tubing to a 
J-in. steel tube which in turn is soldered into the base-plate. The leads 
are sealed to the ends of the glass tube by means of picein wax, giving a 
vacuum-tight joint. Through a similar glass arm, not shown in figure 1 
but connected to the base-plate at the rear, helium gas is led into the inside 
of the tube C at the rate of about 4 cc. per minute. A pressure of less than 
1 mm. of mercury is maintained within the furnace by means of a H3r\rac 
pump. 

The power input required to keep the furnace at a temperature of at 
least 100®C. above the melting point of copper was about 1000 watts at 
85 volts. The power was supplied by a 115-volt n.c. motor-generator set 
which furnished a sufficiently steady voltage for the purpose desired. 
About 2 hr. were required to bring the furnace up to temperature, about 
14 hr. for the total time of lowering the crucible, and about 2 hr. for cooling 
the furnace before it could be opened. Care is required in removing the 
crystal from the crucible. In some cases the crystal could be removed by 
simply inverting the crucible and shaking it slightly. Quite often it is 
necessary to break open the crucible by forcing small wedges into three 
saw cuts made lengthwise in its outer surface. 

THE IDENTIFICATION AND ORIENTATION OF THE SINGLE CRYSTALS 

The identification and orientation may be most easily determined by 
the reflection pattern from one complete set of planes. Tammann and 
Sartorius (4) have studied the etching of single crystals of copper in the 
form of a sphere with various reagents. We have found three of these to 
produce reflection patterns which are satisfactory for determining the 
orientation. It should be mentioned, however, that these reagents are 
not satisfactory for imparting the final polish to surfaces parallel to one 
definite crystallographic plane, since they leave the surface in a slightly 
roughened condition. 

The reagents are, in decreasing order of their preference as regards the 
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brightness of the reflections: (^) Ten grams of silver nitrate in 350 cc. of 
(ioncentratod nitric acid (sp. gr. 1.42) and enough water to make 1 liter. 
This solution develops the (111) planes. (^) Forty grams of cupric chlo¬ 
ride in 1000 cc. of concentrated hydrochloric acid (sp. gr. 1.19). This 
solution develops the 100 planes. (S) One hundred grams of ammonium 
persulfate in 350 cc. of concentrated ammonium hydroxide (sp. gr. 0.90) 
and enough water to make 1 liter. This solution develops the 111 planes. 
In order to remove any grease which has been left on the surface due to 
handling, the part of the crystal which is to be etched is first washed with 
soap and water and then rinsed in ether followed by alcohol. Since the 
silver nitrate in the first reagent produces a deposit of silver on the surface 
of the crystal, either of the latter two reagents may be satisfactorily used 
if it is desired not to contaminate the surface with the silver. The period 
of etching for each of the solutions is about 3 min. 

After treating the crystal rod with the n^agent which will develop the 
set of planes along which it is desired to prepare the surface, the reflection 
pattern is determined in the following manner, the general principle of 
which is attributed to Langmuir (1): A conv(‘nient source of light is an 
incandescent lamp in the ceiling of a high-pitched and partially darkened 
room. The end of the crystal rod is attached to a cork ball, 1 in. in 
diameter or larger, by sticking the tapen^d end snugly into a }-in. hole cut 
in the ball. A spherical fishing cork was actually used. The rod is now 
held in the hand at arm^s length toward the floor with the light above and 
over one shoulder, and the rod is rotated until a definite reflection flashes 
in from the illuminated side of the rod. The orientation with respect to 
the beam of light is now marked on the ball by the following device. A 
piece of plane mirror, the back of which is smeared with a little printer’s 
ink, is held in one hand, the other maintaining the rod in the position of 
regular reflection, and the mirror is rotated until the source of light is also 
visible in it. The mirror is now touched lightly to the cork ball, the ink 
on the back side marking the position. This procedure is repeated until 
the positions of all of the reflections are marked on the ball. We have 
found it convenient to stick straight pins normally into the ball at each 
of the ink spots, since they allow the observer to see at one time the loca¬ 
tions of all of the poles of the reflecting planes. In the case of a copper 
crystal, the poles of the (111) planes are located in the faces of an octa¬ 
hedron, and those of the (100) planes are located in the faces of a cube. 
If more than one crystal exists in the rod, it can be determined from the 
position of the poles marked on the ball. 

THE PREPARATION OP THE SURFACE ALONG A DEFINITE PLANE 

It is assumed that the surface is to be prepared parallel to a (111) plane 
and that the crystal has been treated with the proper reagent for develop¬ 
ing this set of planes. 
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The crystal rod is clamped in position in the vice of a milling machine 
in the manner described below and a surface is cut parallel to the (111) 
plane by means of a circular saw revolving on the arbor (or shaft) of the 
machine. The saw used is 4 in. in diameter and specially made for cutting 
copper. The method of clamping the crystal is shown in figure 2. It is 
held in a holder B, which consists of a brass block J in. by f in. by 2 in. 
long, with a hole the size of the crystal drilled lengthwise through the 




Ficj. 2. Clamp for holding single crystal 

center. A slit is made lengthwise through the top of the holder in ordi^r 
to allow a slight adjustment in the size of the hole by pressing on the sides 
of the holder. From the midpoint of two opposite sides of the holder 
extend small shafts (C) | in. in diameter and i in. long. These two shafts 
rest in holes drilled into brass blocks (D, D), which fit over the jaws of the 
vice of the milling machine. With the jaws E, E of the vice not pressed 
tightly against the holder, the crystal rod A may be revolved about its 
own longitudinal axis, about the vertical axis of tluj vice of the milling 
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machine, and about the axis formed by the two shafts (C). A small piece 
of plane mirror F is now attached by means of an adhesive to the front and 
near the outside edge of the circular saw G. By moving the table (which 
carries the vice) of the milling machine, the crystal in the holder is now 
moved to a position until it nearly touches the edge of the saw. With the 
room partially darkened, one person stands about 6 ft. distant from the 
saw in a line perpendicular to the plane of the saw at the point where the 
mirror is attached. An ordinary flash light with an adjustable focus is 
held in one hand and a concentrated beam of light is thrown normally 
onto the mirror. By sighting along the side of the light, directions are 
given to a second person for changing the orientation of the crystal until 
a reflection from the crystal flashes into view at the same time as the 
reflection from the mirror attached to the saw. If the reflections, resulting 
from the first etching made for the purpose of identifying the single crystal, 
are not sufficiently bright, the crystal may be polished electrolytically by 
the method to be described presently and then treated again with the 
desired reagent. The original etching is generally satisfactory, but the 
brightness of the reflections depends on the roughness of the surface as the 
crystal comes from the crucible and on the amount of oxidation which has 
taken place since the time of the first etching. 

After the position of the crystal has been definitely established, the jaws 
of the vice on the milling machine are clamped tightly against the holder 
and the plane of the saw is then parallel to one of the (111) planes of the 
crystal. The small mirror is now removed from the saw and a cut is made 
through the crystal rod with the saw revolving at a speed of about 300 
R.P.M. If more than one specimen is desired, additional cuts parallel to 
the same plane may be made by moving the table of the milling machine. 
If it is desired to cut a second plane, different from the first, on the same 
specimen, it may be done by means of a jeweler^s handsaw, locating the 
position of the second plane by measuring off the known angle which it 
makes with the first plane. The final adjustment of the second plane can 
be made by filing or grinding. 

The sawed surfaces are now made plane by grinding on a metallurgical 
grinding belt of medium grade. They are then rubbed successively on 
metallographic polishing papers Nos. 1, 0, 00, 000, and 0000 placed on a 
sheet of plate glass. Care is taken to remove any grit left on the surface 
by one paper before rubbing on the next finer grade. 

In preparing a metallographic specimen, it is customary, after using the 
above polishing papers, to give the surface a final polish by pressing it 
lightly against a revolving disk covered with a cloth on which is poured a 
suspension of some fine abrasive such as alumina. This is considered to 
produce an amorphous layer on the surface which, together with any 
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strained layers and fragments of broken crystals previously produced by 
sawing and rubbing, is removed by treating with an etching reagent. This 
latter treatment generally produces a slightly irregular surface. In an 
effort to avoid this, it has been found that a very bright and smooth finish 
can be produced by using the electrolytic etching method developed by 
Jacquet (2) for the preparation of surfaces on polycrystalline specimens. 
Under the conditions employed, etching takes place parallel to the geo¬ 
metric face, so that it is only necessary to cut the surface parallel to the 
desired plane. This electrolytic method is not only more rapid than the 
mechanical method but it has the decided advantage of removing any 
amorphous layer or broken crystals simultaneous with the polishing. It 
is carried out as follows; 

After the surface to be polished has been rubbed on the five grades of 
metallographic paper a.s described above, the single crystal is thoroughly 
degreased by first washing in a soap solution, and is then connected as a 
cathode in a dilute solution of sodium hydroxide for about 15 min. with 
a current density sufficient to give a strong evolution of gas. The speci¬ 
men is rinsed thoroughly in water and given its final polish by connecting 
it as an anode in an electrolytic cell containing orthophosphoric acid at a 
concentration of one volume of commercial acid (sp. gr. 1.71) to one volume 
of water. The cathode consists of ordinary sheet copper, ^ in. thick and 
of a surface slightly greater than the surface of the anode. The cell should 
be operated at a voltage just below' the value at which gas is evolved from 
the anode. This depends on the concentration of the solution and the 
position of the cathode, and may best be determined by a preliminary 
experiment. It was found convenient to use a cell which consists of a 
vertical glass tube, 2 in. in diameter and closed at the bottom, to the 
opposite sides of which are sealed at a point about 2 in. from the bottom 
two side arms, 1 in. in diameter. The side arms are bent upwards to a 
vertical position. The anode is placed in the center of the larger tube 
opposite the entrance to the side arms. A cathode is placed in each of the 
vertical side arms in order that the gas evolved therefrom may escape to 
the surface of the liquid before it has an opportunity to stick to the anode 
and produce an uneven surface. For an anode of total surface equal to 
1.2 sq. in. and with the cell described above, a very bright surface is ob¬ 
tained after 7 min. with a current of 0.65 ampere and a voltage drop across 
the cell of 4.4 volts. If a 500-cc. beaker is used as a cell with the cathodes 
placed f in. from the anode, 2 volts is required. If, after the electrolytic 
etching has been completed, any scratches on the surface due to the initial 
rubbing on the metallographic paper can be seen with a microscope, the 
surface should be rubbed again on the 4/0 paper and etched electrolytically 
a second time. A brilliant and smooth surface is finally obtained. 
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SUMMARY 

Single crystals of copper, f in. in diameter and 5 in. long, are grown in a 
vacuum furnace using a modified form of the Bridgman method. 

A simple method of preparing a surface on these crystals parallel to a 
desired crystallographic plane is described. A very bright and smooth 
finish may be produced by using the electrolytic polishing method. This 
has the decided advantage of removing any strained or amorphous layers 
on the surface simultaneous with the polishing. 

The specimens so prepared may be used for studying any of the surface 
phenomena of single crystals of copper. 

We are indebted to Professor S. L. Quimby of Columbia University and 
to Mr. J. Zacharias for furnishing us with details of their furnace used for 
growing single (;rystals of nickel. 
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MECHANISM OF PHOTOORAPHIC DIWELOPMENT. II 
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In a preceding paper (3) it was demonstrated that, in the normal course 
of development (absence of strong silver halide solvent action), the ions 
or molecules of the reducing agent must penetrate the double-layer elec¬ 
tric barrier before reacting with the silver halide grain. The changes 
which occur in the potential barrier during the course of development and 
the variation from grain to grain in the magnitude of the original barrier 
significantly alter the kinetics of development by the ionic reducing agents; 
further, the barrier effect bccome.s more pronounced as the negative charge 
increases. The induction period observed in development by such agents 
as hydroquinone and p-hydroxyphenylglycine may be attributed largely 
to a decrease in the potential barrier as the reduction proceeds. 

^ Communication No. 724 from the Kodak Research Laboratories. 
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A more detailed investigation of the kinetics of development by hy- 
droquinonc has been made with the view of obtaining a clearer under¬ 
standing of the mechanism of the chemical reaction itself. The apparatus 
and procedure were the same as those previously employed. The ma¬ 
jority of the experiments were with sulfite-free solutions of pH 8.0 to 
8.9. All solutions were prepared from components carefully fre(‘d from 
oxygen, and dev(doi)ment was carried out under an atmosphere of pure 
nitrogen. The development rates were conveniently slow, and develop¬ 
ment could be carried to apparent completion without formation of stain 
or significant fog. The emulsion employed was, as before, an unsensi¬ 
tized motion picture positive silver bromide material of thin and very 
uniform coating. Borax-boric acid buffers were used throughout. All 
temperatures, unless otherwise sp(‘cified, wore 20°C. d= 0.05°. Silver dc- 
t(Tminations w(‘re made by potentiometrie titration at 70°C. with 0.0002 
M potassium iodide. The determinations were of the amount of silver 
in a circular area of film in. in diameter, cut from the sensitometer strip 
by means of a steel punch. 

EXPERIMENTAL DATA 

The pronouncedly S-shaped density-time curve obtained with a pure 
hydroquinone developer was illustrated in figure 2 of the preceding paper. 
Obviously, such curves cannot be represented by the simple formulas 
proposed in the literature (7). The upper third of the curves may be 
repnvsented approximately by the simple formula 

AD/At = A:(Z>n.ax. - /» (1) 

but this relation fails badly for the lower portion. 

Three methods of expressing the rate of development have been em¬ 
ployed and found to give results consistent among themselves for the 
simple case of the pun* hydroquinone developer. These are as follows: 
(/) determination of k in equation 1 from the data for the upper third 
of the curve; {2) determination of the slope of the density-time curve 
at a fixed density (usually | Dnmx , since the curve at this point is a reason¬ 
ably straight line); {S) determination of the reciprocal of the time required 
to attain a given density. The rates so expressed are largely ind(*pendent 
of the density chosen when we deal with change of pH or change of de¬ 
veloper concentration. In all of these cases, if a plot of density against 
log t is made, the curves obtained may be largely superimposed by the 
proper shift along the log t axis. 

The maximum density obtainable wdth a given exposure did not vary 
with the concentration of developing agent used or with the pH of the 
solution over the range employed. Likewise, the maximum amount of 
silver did not change. An example of the results is given in table 1. 
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These data show further that, over a considerable range of exposure, 
the ratio D/Ag is constant when development is carried to completion. 
The ratio therefore does not depend upon the number of grains developed 
over this range of exposure. If, however, data for a fixed exposure and 
varying degrees of development are examined, it is found that the ratio 


TABLE 1 

Variation of maximum density with exposure 


LOQ E 

pH 


n/Ag* 

1.15 

8.89 

2.50 

1.68 

0.86 

8.89 

2.02 

1.68 

0.85 

8.29 

2.01 

1.71 

0.85 

8.00 

1.98 

1.68 

0.65 

8.29 

1.56 

1.64 

0.40 

8.48 

1.30 

1.63 


* Silver expressed as milliliters of 0.001 M potassium iodide used in titration. 



i.t 1.0 .9 .a n s « .a a .i o 
Fig. 1. Silver-density relationship. Log E - 0.86 


D/Ag increases with decreasing degree of development. A plot of log 
Ag against log D yields a reasonably straight line of slope 1.46; i.e., 

log Ag « 1.46 log D + Constant (2) 

(see figure 1). 

This relationship is interesting in connection with the results reported 
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by Eggert and Ktister (1). They found that, over a rather wide range of 
conditions, the ratio Ag/D is a linear function of the mean grain diameter. 
From the relations: 

Ag/D = kid + C 
Ag = 

where d is the mean grain diameter, it follows for constant grain number 
that 

log Ag = 1.5 log D + 1.5 log {K + CAg-^'*) (3) 

This expression is in good agreement with our experimental results, since 
the constant C is very small. 

The agreement between the experimental results and equation 3 is 
good evidence that we have to deal largely with rates of reduction of the 
silver halide grains, and not with rates of initiation of the reduction process, 
since, in the latter case, the ratio D/Ag would be nearly constant for the 
fairly uniform grain sizes of the experimental emulsion. 

This conclusion is supported by observations on the bromide effect. 
The pure hydroquinone developer is very sensitive to small concentrations 
of bromide, and the effect is markedly to extend the toe of the develop¬ 
ment curve without appreciably altering the rate of development beyond 
the toe region (c/. table 4). The effect is more pronounced at lower 
exposures than at higher. These facts point to a strongly preferential 
action of bromide at the start of development,—a phenomenon readily 
understandable on the basis of considerations given in the preceding paper 
of this series (3). Experiment shows, however, that if development is 
started in a bromide-free developer and continued to a suitable density 
(say 0.30 for log E = 0.85), addition of 0.1 g. potassium bromide per liter 
results in only a slight decrease in the development rate. The same 
amount of bromide, present at the start of development, would increase 
fivefold the time required to obtain a density of 0.10. 

The dependence of the rate of development upon the solution pH is 
indicated in figure 2. A plot of the logarithm of the rate against the pH 
conforms approximately to a straight line of slope 1.0. Hence the rate 
varies as the first power of the hydroxyl-ion concentration.* 

The rate varies approximately as the square root of the hydroquinone 
concentration. This is shown for two sets of data by the constancy of the 
ratios given in columns V and VI of table 2. 

The temperature dependence of the development rate is given in table 3. 
Temperature coefficient calculations from rates determined at the start of 

* Moi*e accurately the data, corrected for change in concentration of hydroquinone 
which is due to ionization, indicate a dependence on the 1.08 power of the hydroxyl- 
ion concentration and the 0.56 power of the hydroquinone concentration. 
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development and at the midpoint are in fair agreement, although a de¬ 
pendence upon exposure appears in the former case, but is not definitely 
indicated in the latter. 



e.O t.Z 6.4 66 66 6.0 pU 


Fig. 2. Variation of rate with pH. Log i? «= 1.15. x, correction applied for 
change in concentration of unionized hydroquinone. 


TABLE 2 


Variation of rate with hydroquinone concentration 
pH = 8.75 


I 

HYDROQUINONE 

II 

(10 X 

III 

LOO E « 0.86 
- 1.00 

IV 

LOQ^ - 1.75 
Rn - 1.5 

V 

RATIO II/III 

VI 

RATIO II/IV 

grafM per SOO ml. 

6.60 

8.12 

1 

0.270 

0.397 

30.0 

20.5 

3.30 

5.74 

0.170 

0.280 

33.7 

20.5 

1.65 

4.06 

0.123 

0.192 

33.0 

21.2 

0.825 

2.87 

0.082 

0.130 

35.0 

22.2 

0.412 

2.03 

0.058 

0.090 

35.0 

22.5 


The pure hydroquinone developers employed in this investigation are 
highly sensitive to the bromide-ion concentration. The major effect of 
small concentrations of bromide is exerted at the start of development. 
Larger quantities of bromide, however, affect the entire course of de¬ 
velopment. This is indicated by the data in table 4. The times employed 
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in determining the rate of initiation of development are for different densi¬ 
ties (i.e., 0.20 and 0.10) for the two exposures recorded, the densities hav¬ 
ing been chosen to give equal rates of reaction in the absence of soluble 
bromide. 

The depressing effect of small amounts of bromide (less than 0.2 g. per 
liter) is thus confined almost exclusively to the early stages of develop¬ 
ment, and is most pronounced in the region of low exposure's (13). If 
development is started in the absence of added bromide and then con- 

TABLE 3 


Dependence of rate upon temperature 
Hydroquinone concentration = 0.05 M] pH (at 20°C.) = 8.89 


LOO E 

R AT 8.0“C. 

D » 1/2 max. 

R AT 20.0*0. 

D » 1/2 max. 

TEMPBRATUHIC 

COEFFICIENT 

TEMPERATUBE CO¬ 
EFFICIENT FROM 

l/t;D ^ 0.10 

1.75 

0.090 

0.315 

2.90 

2.95 

1.15 

1 0 070 

0.245 

2.9 

3.*1 

0.85 1 

1 0 056 

0.208 

3 1 

3 3 

0.25 

Accurate values could not be determined 

3 9 


TABLE 4 

Effect of added bromide 
Hydroquinone *= 0.05 M; pH - 8.71 


KBr ADDED 

LOG E « 1.46 

LOG E 

» 0.85 

t 

D « 0.20 

Rate 1/t 

1 Kate 

n « 1.00 

0.192 
0.190 
0.190 j 

0.12 i 

0.030 

t 1 

D * 0.10 

Rate l/t 

grama per liter 

0 

0.025 

0.10 

0.25 

l.OO 

9.3 
! 19.3 

36.7 

53 

102 

0.107 

0.052 

0.0272 

0.019 

0.0098 

9.2 

24 1 

46 

65 

143 

8.0 

0.109 
0.0415 
0 0217 
0 0154 
0.0070 

Washed film 

8.1 

0.123 j 

0.192 

0 125 


tinned in a developer to which 0.10 g. of potassium bromide has been 
added, no significant change occurs in the rate, provided the initial de¬ 
velopment is carried to about the end of the induction period. Larger 
amounts of bromide, however, exert a significant influence over the entire 
course of development, as indicated by the much smaller rate observed 
at D = 1.00 when the solution contained 1.00 g. of potassium bromide 
per liter. 

It has already been demonstrated that the addition of quinone to the 
hydroquinone solution increases the development rate. Accordingly, it 
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was desirable to check the kinetic results already obtained by similar 
measurements made in the presence of added quinone and in the presence 
of sodium sulfite (which rapidly removes the quinone formed during 
development). The same dependence of the reaction rate upon the square 
root of the hydroquinone concentration and the first power of the hy- 
droxyl-ion concentration was obtained in these experiments as in those 
involving only hydroquinone. This is illustrated by the data in tables 
5 and 6. 

It will be observed that, both in the presence of added quinone and in 
the presence of sulfite, a fourfold change in the concentration of hydro¬ 
quinone results in only a twofold change in the development rate. From 


TABLE 6 

The reaction rate in the presence of added quinone 
Added quinone »* 0.001 M 


BYDBOQUINONS 

CONCBNTBATION 

pH 

LOO E - 0.85 

RAT® 2) - 0.40 

LOG E a* 1.45 

RATE 2) « 0.00 

0.05 

8.67 

0.100 

0.150 

0.0125 

8.67 

0.050 

0.077 

0.05 

8.28 

0.045 

0.057 


TABLE 6 


The reaction rate in the presence of sodium sulfite 
Sodium sulfite ** 0.005 M 


HTDROQUINORE 

CONCENTRATION 

pH 

LOO E 

-0.85 

LOQ E 

- 1.45 

Rate 

Log A 

Hate 

Log R 

0.05 

8.67 

0.0196 

0.1292 

0.0296 

0.471 

0.05 

8.89 

0.0336 

0.526 

0.049 

0.69 

0.025 

8.89 



0.034 

0.53 

0.10 

8.89 



0.068 

0.83 


table 5 we see that a change of 0.39 in pH results in a change in log R of 
0.35 and 0.42, respectively, while in table 6 a change of 0.22 in pH is 
accompanied by a change of 0.22 in log R. Hence the rate of development 
once more is proportional to the hydroxyl-ion concentration and the 
square root of the hydroquinone concentration. 

Figure 2 of the preceding paper (3) shows that the induction period of 
hydroquinone development decreases with increasing concentration of 
added quinone. Further experiment showed that the maximum density 
obtained for a given exposure is sharply decreased by the addition of 
quinone. Figure 3 is based upon data obtained at pH 8.29. A direct 
plot of silver against development time has been made here. Curve I is 
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for pure hydroquinone solution; curve II is for hydroquinone solution 
containing 0.001 M quinone. The maximum amount of silver has de¬ 
creased from 1.11 to 0.82 (X 10“* millimoles), and the maximum density 
from 2.01 to 1.32. This decrease cannot be due to a shift in the equilib¬ 
rium 

2Ag+ + CeHA— ^ 2Ag + CeHA 

since thermodynamic considerations show that the reduction would go 
practically to completion in both cases. The behavior of the photometric 
equivalent gives the clue to the true cause. 



Fig. 3. EflFect of quinone (0.001 M) on development by hydroquinone (0.05 M), 
I, pure hydroquinone; II, quinone added. 


In table 7 the ratio of silver obtained by development in the hydro- 
quinone-quinone solution to that obtained without the addition of quinone 
(development carried to the same density) is given for several density 
values. If, instead of comparing equal densities for the same exposure, 
we compare equal maximum densities, we find that there is no significant 
difference in the photometric equivalent. For example, the maximum 
density obtained in the presence of quinone is 1.32 for log = 0.85. This 
density is matched by the hydroquinone developer for log E = 0.41. The 
experimental ratio of the amounts of silver obtained was 1.005. Hence, 
the effect of quinone upon the maximum density is equivalent to a reduc¬ 
tion iu the amount of exposure. The data are accounted for if we assume 
that the presence of quinone effects no change in the diameter of the de¬ 
veloped grains, but reduces the number of grains developed. The data 
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are not accounted for on the assumption that the number of developed 
grains remains unchanged, but that each attains a smaller maximum size 
in the presence of quinone. Further evidence in this direction appears 
from the fact that, if development is started in the absence of added quin¬ 
one, carried to a density of 0.25 (log E = 0.85), then continued in the 
quinone-containing solution after thorough washing, a maximum density 
of 1.95 is obtained in comparison with 2.0 for the pure hydroquinone 
solution. 

The ratio Ag(added quinone)/Ag(no added quinone) drops to 1.03. 

In an attempt to determine to what extent continued development is 
influenced by the quinone formed in the reaction, a series of tests was made 
in which the sensitometer strips were partially developed, then thoroughly 
washed in running water, and finally subjected to continued development 
in fresh hydroquinone solution. In part of the runs, hydroquinone itself 


TABLE 7 

Ratio of silver obtained by development in the hydroquinone-quinone solution to that 
obtained without the addition of quinone 
Log E ~ 0.85 


Ag( quinone)/A g(NO ADDED QUINONE) 

1.30 

1.23 

1.28 

1.21 


1.32* 

1.19 

1.00 

0.68 


* Maximum development in hydroquinone-quinonc solution. 


was used for the initial development; in the rest, a ferrous oxalate developer 
was employed. An examination of the data obtained showed that, when 
the initial development was slight, the intermediate washing process had 
no effect upon the course of continued development, and the results ob¬ 
tained with initial development by ferrous oxalate chocked those obtained 
with initial development by hydroquinone. As the amount of initial 
development increased, more and more divergence appeared between the 
course of the secondary development and that of the uninterrupted de¬ 
velopment, and the decrease in the rate of secondary development was 
significantly greater when ferrous oxalate was used for the primary de¬ 
velopment. If, however, the initial development is carried out by hy¬ 
droquinone in the presence of a small amount of sodium sulfite, the rate 
of continued development in pure hydroquinone solution is approximately 
equal to that found when the initial development is by ferrous oxalate. 
Under these circumstances, the initial rate of the secondary development 
does not diverge greatly from the rate of development by a hydroquinone 
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solution containing sulfite or resorcinol when the latter rate is measured 
at the same density. Some comparative results are given in table 8. The 
rates given for secondary development apply to experiments in which the 
initial development was carried to densities 0.02 to 0.04 unit less than 
the densities at which the rate measurements were made. 

These results clearly show that quinone catalysis is not responsible for 
the induction period in hydroquinone development. However, an a(s 
celerating effect of quinone or some degradation product thereof does 
persist throughout the entire course of development If development 
started in a pure hydroquinone solution is interrupted and the film washed 
in running water for 30 min. or bathed in sodium bisulfite solution for 10 
min., continued development in a fresh hydroquinone solution proceeds 
at a rate comparable with that of uninterrupted development. This 

TABLE 8 


Effect of removal of qvinone during development upon the rate of continued 

development 


TYPE OF 1 

DEVELOPMENl' 

SOLUTION 

LOO E * 
1.45 

^D=0.40 

LOG E » 
0.85 

^D»0.30 

Primary 

Pure hydroquinone 

O.ll 

0 078 

Secondary 

Initial development by pure hydroquinone 

0 10 

0 07 

Secondary , 

Initial development by hydroquinone-sulfite 

0 038 

0.023 

Secondary j 

Initial development by ferrous oxalate 

i 0 054 

0.025 

Primary j 

Hydroquinone plus 0.05 M resorcinol 

0 034 

0 023 

Primary 

Hydroquinone plus 0.10 M resorcinol 

0 031 

0 022 

Primary 

Hydroquinone plus 0.005 M sulfite 

0 028 

0 020 

Primary 

Hydroquinone plus 0.05 M sulfite 

0.028 

0 020 

Primary 

Hydroquinone, 0.005 M sulfite, 0.10 M resorcinol 

0 028 

0 023 


indicates that the immediate presence of quinom' is not essential for the 
“catalytic” effect. A quinone catalysis of the type which exists in the 
autoxidation of durohydroquinone (4) is therefore eliminat'd. An effect 
of quinone upon the electric barrier may still be involved, since this might 
persist after the quinone had been removed. However, a comparison of 
the relative accelerating action of benzoquinone, toluquinone, and m- 
xyloquinone upon development by the respective hydroquinones indicates 
that a decomposition product of the quinone, rather than the quinone 
itself, is largely responsible for the effect. 

In table 9, Ti represents the time required to obtain a density of 0.50 
(log E 1.15) with the pure hydroquinone developer; T 2 represents the 
time required in a developer containing 0.001 mole of the corresponding 
quinone. The pH and hydroquinone concentration were adjusted to give 
approximately the same development rate in the absence of added quinone. 
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TABLE 9 

Accelerating effect of quinone homologuee on development by the 
correeponding hydroquinone 
Quinone - 0.001 M 


DBVBLOPZMO AOBNT 

COHCBN- 

TBATION 

pH 

TIMB BBQVXBBD BOB D * 0.50 

Ti (No ad¬ 
dition) 

Tt (Quin¬ 
one added) 

Ti/Ti 

Hydroquinone . 


8.29 

28 

15.5 

1.80 

Toluhydroquinone . . 

M/20 

ca. 8.0 

24.5 

18.8 

1.30 

m-Xylohydroquinone.. . 

M/m 

ca, 8.0 

27.0 

25.0 

1.08 


TABLE 10 

Comparative measurements with substituted hydroquinones 
Sulfite-free developers; phosphate buffer 


COMPOUND 

OBVBLOPMBNT 

BATB 

Di - 0.50 

CONCBNTBATION 

- Af/80 
pH-^7.9 

BBLATIVB BATB 

AUTOXIDATION 
BATB, it/2.3 

pH - 7.44 

BBLATIVB BATB 

Hydroquinone.. 

0.014 

1.00 

0.00123 

1.00 

Toluhydroquinone . 

0.021 

1.5 

0.00479 

3.9 

m-Xylohydroquinone. .. 

0.044 

3.1 

0.0234 

19.0 

Chlorohydroquinone... 

0.057 

4.0 

0.0092 

7.6 

3-Chlorotoluhydroquinone. . 

0.100 

7.1 


(30)* 

Dichlorohydroquinone. . . 

0.066 

4.7 

(0.0142) 

(11.5) 

Bromohydroquinone. . 

0.065 

4.6 

(0.0132) 

(10.7) 

Hydroxyhydroquinone .. 

0,053 

3.8 

(0.310) 

(260) 


* Values enclosed in parentheses are approximate only. 


TABLE 11 


Comparative measurements with substituted hydroquinones 
Sulfite-containing developers; borate buffer 


COMPOUND 

DBVBLOP- 

MBNT 

BATB 

/>7-0.50 1 
pH « 8.9 

BBLA¬ 

TIVB 

BATB 

AUTOXIDA¬ 
TION BATB 

pH-7.81 

BBLATIVB 

BATB 

BBDUC- 
TION OP 

pH-'8.9 

BBLA¬ 

TIVB 

BATB 

Hydroquinone. 

0.020 

1.00 

0.0046 

1.00 

0.038 

1.00 

Toluhydroquinone. 

0.039 

1.95 

0.0180 

3.8 

0.027 

0.71 

m-Xylohydroquinone. 

0.0846 

4.23 

0.076 

16.5 

0.10 

2.6 

Chlorohydroquinone. 

0.089 

4.45 


(7.1) 

0.47 

12.4 

3-Chlorotoluhydroquinone. .. 

0.108 

5.40 


(30.0) 



Dichlorohydroquinone. 

0.146 

7.3 

(0.077) 

(16.7) 



Bromohydroquinone. 

0.109 

5.45 

(0.062) 

(11.3) 



Sodium hydroquinonemono- 


t 





sulfonate. 


1 0.10 

0.00063 

0.116 

0.0038 

0.10 






DEVELOPMENT BY HYDROQUINONK 


53 


Clearly, the accelerating effect of the quinone decreases sharply as its 
stability increases. 

COMPARATIVE RATES OF DEVELOPMENT, AUTOXIDATION, AND SILVER-ION 

REDUCTION 

Comparative measurements were made with a number of substituted 
hydroquinones of the development rate, the autoxidation rate, and the 
rate of the silver-catalyzed reduction of silver ion. The autoxidation 
rates were determined according to the procedure given by James and 
Weissberger (4) and are expressed as ^‘first-order^’ constants. The rates 
of the silver-catalyzed reduction of silver ion were determined as described 
in a previous paper (2), except that sodium sulfite was employed to de¬ 
crease the silver-ion concentration and thus allow measurements to be 
made at a higher pH. Some check experiments showed that the presence 
of the sulfite effected no significant change in the mechanism of the reduc¬ 
tion and the silver sulfite complex was not attacked to a detectable extent 
by the hydroquinone. The comparative rates are given in tables 10 and 11. 

DISCUSSION 

The work of Sheppard and Mees (13) and of Luther and Leubiier (6) 
indicated that the divalent hydroquinonate ion is responsible for the 
reduction of silver bromide by the hydroquinone developer. Our data 
lend themselves to the same interpretation. In the pH range of 8.0 to 
8.9 we may write for constant amount of added hydroquinone: 

[C6H402"-] = K[0H-]2 (4) 

« 

since the concentration of unionized hydroquinone will be constant within 
10 per cent. Further, at constant pH but varying hydroquinone con¬ 
centration: 

[C6H402-i = XlCeHeO,] (5) 

From these equations, it follows that the square root of the divalent ion 
varies as the first power of the hydroxyl-ion concentration and as the 
square root of the hydroquinone concentration. The rate of development 
shows the same dependence upon hydroxyl-ion concentration and hydro¬ 
quinone concentration, and hence varies as the square root of the concen¬ 
tration of divalent ion. This we interpret to mean that the divalent ion 
is the entity which reduces the silver halide in development. 

The occurrence of a J power in the rate equation may be taken as direct 
evidence that adsorption plays an important r61e in the development 
process. The kinetics are quite analogous to those frequently observed 
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in heterogeneous reactions in which adsorption follows approximately the 
Freundlich isotherm and the rate obeys the equation 

Rate = (6) 

Whether the adsorption is to the silver nuclei, the silver halide itself, or 
the silver-silver halide interface is not indicated. 

Rabinowitsch and his coworkers (8, 10) believe that the adsorption is 
to silver. However, their experiments were so complicated by the occur¬ 
rence of a large amount of oxygen oxidation that their claims to establish¬ 
ing adsorption must be regarded with suspicion. This is particularly the 
case since recent measurements made in these Laboratories by Sheppard, 
Ballard, and Perry failed to show any adsorption within experimental 
error. Further, it is not apparent why, if adsorption to the silver is the 
essential thing, the adsorption effects may be detected so readily in the 
development kinetics but not appear in the silver-catalyzed reduction of 
free silver ion. The silver nucleus is present in both cases. 

On the other hand, Wulff and Seidl (16) showed that resorcinol was 
adsorbed by silver bromide from alkaline solution, and argued by analogy 
that hydroquinone would be so adsorbed, in agreement with Sheppard\s 
theory (14). Their experimental evidence for adsorption of hydroquinom^, 
i.e., that resorcinol decreases the rate of development by hydroquinone, 
is untenable, but the analogy appears reasonabk^ Further, Rabino- 
witsch^s failure to detect adsorption of hydroquinone from acid solution 
furnishes no rebuttal, since Rabinowitsch^s measurements would not have 
revealed adsorption of the divalent ion or even of the univalent ion. 

We may conclude with reasonable certainty that, in the process of 
development by hydroquinone, the reductiort occurs heterogeneously 
at the silver-silver halide interface. The Ostwald-Abegg supersaturation 
mechanism can offer no explanation either of the general kinetics of the 
development process or of the potential barrier effect which appears so 
strongly under the conditions we have employed. An alternative mecha¬ 
nism, that of solution of the silver halide followed by silver-catalyzed 
reduction of the silver ions, is likewise ruled out by the fact that the 
development kinetics conform neither to those of solution of silver halide 
nor of catalyzed reduction of silver ions present initially in the solution. 
The hydroquinone, as the divalent ion, reacts only after adsorption, pre¬ 
sumably at the silver-silver halide interface. This adsorption undeniably 
affects the kinetics of the reduction process. However, the deformation 
experienced by the silver ions “adsorbed^^ at the active boundary lines 
of the silver-silver halide interfaces in the developing grains is probably a 
more fundamental reason for the enhanced reactivity of the nucleated 
grains which makes possible differential reduction (12). 

The picture of the development process which we have presented in 
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this and the preceding paper appears to correlate satisfactorily the exist¬ 
ing data on sulfite-free hydroquinone developers and solutions containing 
low concentrations of sulfite. When strong silver halide solvent action 
is present, other processes may, and probably do, take a significant part 
in the development process. 

Some further support is to be found in an examination of the relative 
rates of development, autoxidation, and silver ion reduction given in 
tables 10 and 11. There is no correlation between the rates of d(‘velop- 
ment and those of silver-ion reduction. Some correlation exists, how¬ 
ever, between the development rates and the autoxidation rates. This 
is explainable on the basis that the active species in each case is the divalent 
ion, in contrast to the silver-ion reduction whon^ the reaction of the uni¬ 
valent ion predominates. The (correlation is simplest in the scries: hydro¬ 
quinone, toluhydroquinone, m-xylohydroc^iiinoiKL Here, when sulfite 
is present in the development process, the rate of development varies 
almost exactly as the square root of the autoxidation rate,—a relation 
which is interesting in connecction with the dependence* of the development 
rate upon the square root of the divaleiit-ion (concentration. The* div(‘rg- 
(cnce from this simi)l(* relationship shown by tin* rates measured in the 
absence of sulfite is due to the (luinone effect already discussed. It thus 
appears that the autoxidation rates furnish a clue to the rates to be ex- 
I)e(cted for development by substitubid hydroquinon(*s, provided the 
substituent group or groups are not highly ionized. In the latter (*vent, 
the electric barrier effect may become dominant. 

The extent to which the electric barrier effect may influcnct* the relative 
development rates exhibited by ag(mts belonging chemically to the same 
(class is indicated by a comparison of hydroquinone with its monosulfonate 
(charge group —3) and its disulfonate (chargee group —4). At pH 8.9, 
the pure sulfite-free solution of the monosulfonate dcA'clops at only about 
0.08 times the hydroquinone rate. When il//20,000 ph(*nosafranine is 
present, however, the monosulfonate rate has been increas(*d to about 
0.2 that of hydroquinone. The ph(mosafranine eff('cts a threefold increase 
in the hydroquinone rate and a sevenfold increase in the monosulfonab* 
rate. Only the faintest trace of an image was obtained in 4 hr. with po¬ 
tassium hydroquinonedisulfonate at pH = 9.5. When M/10,000 pheno- 
safranine was added, a good image was obtaimed in 20 min. This shows 
that the apparent weakness of the disulfonate as a dccveloper is due to the 
inability of the highly charged ions to penetrate the electric barrier, rather 
than to a lack of reactivity. 

The potential barrier effect enters significantly into the action of elon- 
hydroquinone developers. The density obtained in a given time of 
development by a hydroquinone-elon mixture is greater than the sum 
of the densities obtained by development with the two agents separately. 
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This phenomenon has been attributed by various writers (5, 15) to the 
action of a ‘‘metoquinone’' possessed of special developing properties or 
to an elon-hydroquinone adsorption complex. However, much the same 
effect can be obtained if the development is started in an elon solution 
and, after thorough intermediate washing, is continued in a hydroquinone 
solution. It appears, therefore, that the preliminary development in 
elon merely accomplishes a partial breakdown of the electric barrier and 
thus allows a greater rate of penetration by the more sensitive hydro¬ 
quinone ions. Such action should be kept in mind when considering the 
r61e which the sulfonates play in development. 

The experimental results given in the preceding pages do not support 
the contention of Reinders (11) that ''it may certainly be concluded that 
there is a close relation between the velocity of development and AE.^’ 
The dependence of the rate upon the solution pH and the concentration 
of the developing agent appears quite clear from the kinetic considerations, 
and requires no association with the thermodynamic quantity for elucida¬ 
tion. The marked dependence of the reaction rate upon the size of the 
developed silver speck (9) does not follow from Reinders’ argument, while 
the accelerating effect which quinone has upon the development process 
is exactly contrary to that argument. It may be noted, likewise, that the 
decrease in "maximum density’' observed when quinone was added to 
the pure hydroquinone developer is not a true equilibrium phenomenon, 
and should not be associated with the change in AE, 

SUMMARY 

1. The rate of development by hydroquinone in the absence of sodium 
sulfite and oxygen varies as the square root of the hydroquinone concen¬ 
tration and the first power of the hydroxyl-ion concentration in the pH 
range 8.0 to 8.9. The rates measured approximate the average rates of 
development of the individual silver bromide grain. 

2. The addition of quinone to the developer results in an increase in the 
development rate, which is due to an effect, presumably of a decomposition 
product of the quinone, upon the double-layer electric barrier. The 
quinone likewise attacks the development centers, resulting in a decrease 
in the number of developed grains for a given exposure. 

3. The divalent ion is the active developing agent. Reduction occurs 
heterogeneously at the silver-silver halide interface. 

4. Comparative rates are given for the development reaction, autoxida- 
tion, and the silver-catalyzed reaction of silver ion with a series of sub¬ 
stituted hydroquinones. 

The writer is indebted to Dr. S. E. Sheppard of these Laboratories for 
many valuable suggestions and criticisms. 
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introduction 

A recent study of the time of set of silicic acid gels, prepared from solu¬ 
tions of sodium silicate and acetic acid in this laboratory (5), has shown 
that, for mixtures of acid reaction, the time of set is proportional to the 
hydrogen-ion concentration. A report by Hurd, Frederick, and Haynes 
(2) showed a similar result when hydrochloric, nitric, or sulfuric acid was 
used. A discussion of the theory has also been given (1). . 

It was observed, incidentally, that addition of extra acid to mixtures 
already prepared delayed their setting. We have thought that it would 
be very important to discover whether there might be some particular 
time, during the setting of the already prepared mixture, when the intro¬ 
duction of the extra acid would have a particularly marked effect. If such 


1 Present address: Corning Glass Works, Corning, New York. 
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a point were found, it would mark the time during the setting of the gel 
mixture when the process would be taking place which is so sensitive to 
the hydrogen-ion concentration. If no significant point were found, it 
would indicate that the whole process would appear to be equally sensitive 
to the hydrogen-ion concentration. 

The experiments to be described were devised to test this point. They 
cover, unfortunately, only a part of the pH range, namely, from 4.57 to 
5.08, but appear worth reporting because of their bearing upon the theory. 

EXPERIMENTAL 

The technique employed has been reported several times in this Journal 
(5, 2). A solution of sodium silicate equivalent to 1.26 N sodium hydrox¬ 
ide was obtained by dilution of brand sodium silicate, prepared by 
the Philadelphia Quartz Company. This silicate has a soda: silica weight 
ratio of 1 to 3.19. A 2.01 N solution of acetic acid was used. The tests 
were carried out at 25°C. in an electrically controlled water thermostat. 
The solution of sodium silicate was always poured into the acetic acid 
solution. Double quantities of the mixtures were prepared, and were 
mixed by pouring back and forth. The time of set was determined in one 
sample in a 100-cc. Pyrex Griffin beaker by the ^Hilted rod^^ method of 
Hurd and Letteron (4). The pH was measured in the other sample by 
the quinhydrone method, as recommended by Hurd and Griffeth (3). 

Since addition of a solution of acid to any silicic acid gel mixture de¬ 
creases the silica concentration, parallel scries were carried out where equal 
volumes of pure water in the one series and acetic acid solution in the other 
were used. The length of time from the preparation of the original mixture 
to the addition of the acid solution of water was varied from zero, where the 
mixtures were made up comjJete at first, to about 85 per cent of the time 
required for the original mixture to set. Beyond that point the gel was 
set sufficiently so that liquid could not be mixed with it homogeneously. 

The concentrations are easily calculated. For example, in the first 
mixture of the second section of table ] they are as follows: Si 02 , 0.86; 
CHaCOONa, 0.52; CHaCOOH, 0.65; all concentrations are in gram-moles 
per liter. 

A word of explanation may be useful. In the first result in table 1, the 
extra 5 cc. of acid solution was added at the start, and the mixture set in 
88 min. at 25®C. In other words, 25 cc. of silicate solution was poured 
into 30 cc. of acid solution. The second result was obtained by mixing 
first 25 cc. of silicate solution and 25 cc. of acid solution. This 50 cc. of 
mixture was placed in the 25®C. thermostat in a 100-cc. beaker, and covered 
with a watch glass. At exactly 15 min. after mixing, an extra 5 cc. of acid 
solution was introduced and the result mixed. It set 79 min. after the 
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TABLE 1 


The effect of addition of extra acetic acid solution or of water upon the time of set and the 
pH of variotis mixtures of sodium silicate solution and acetic acid 


ACID ADDED 

WATER ADDED 

TIME OF ADDITION 

TIME OF BET 

pH 

Original mixture « 25.0 cc. of silicate solution and 30.0 cc. of acetic acid solution 

cc. 

CC. 


mxnutea 


5.0 

0.0 

0.0 

88.0 

4.57 

5.0 

0.0 

15.0 

79.0 

4.57 

5.0 

0.0 

26.0 

75.0 

4 57 

5.0 

0.0 

39.0 

65.5 

4.57 

0.0 

0.0 


57.0 

4.82 

0.0 

5.0 

0.0 

67.5 

4.82 

0.0 

5.0 

8.0 

66.5 

4.82 

0.0 

5 0 

15.0 

64.5 

4.82 

0.0 

5.0 

20.5 

63.0 

4.82 

0.0 

5 0 

30.0 

61 0 

4.82 

0.0 

5.0 

40.0 

60 0 

4.82 

0.0 

5 0 

45.0 

58.0 

4.82 

0.0 

5.0 

46 0 

59.0 

4.82 

0.0 

0.0 


57.0 

4.82 

Original mixture = 25.0 cc. of silicate solution and 25.0 cc. of acetic acid solution 

10.0 

0.0 

0.0 

88.0 

4.57 

10.0 

0.0 

8.0 

74.0 

4.57 

10.0 

0.0 

15.0 

60.0 

4.57 

10.0 

0.0 

22.0 

49.0 

4.57 

0.0 

0.0 


32 0 

4.98 

0.0 

10 0 

0.0 

46.0 

5.03 

0.0 

10.0 

10.0 

42.0 

5 03 

0.0 

10.0 

15.0 

39.5 

5 03 

0.0 

10.0 

20 0 

37.5 

5.03 

0.0 

0.0 


32.0 

4.98 

Original mixture = 25.0 cc. of silicate solution and 20.0 cc. of acetic acid solution 

15.0 

0.0 

0.0 

88.0 

4.57 

15.0 

0.0 

3.0 

67 5 

4.57 

15.0 

0.0 

6.0 

47.5 

4.57 

15.0 

0.0 

8.0 

36.0 

4.57 

0.0 

0.0 


11.0 

5 08 

0.0 

15.0 

0.0 

21.0 

5.42 

0.0 

15.0 

3.0 

20.0 

5.42 

0.0 

15.0 

6.0 

17.5 

5.42 

0.0 

15.0 

8.0 

15.3 

5.42 

0.0 

0.0 


11 0 

5.08 


time of first mixing. The last result in the first se(*tion of table 1 set 57 
min. after mixing. No extra acid had been added. 











60 


CHARLES B. HURD AND HARRIS W. PATON 


The pH in each case is for the mixtiire which actually set. 

The data of these three tables are plotted on figure 1. The straight-line 
relation is very evident. 



Fio. 1. Effect of addition of extra acid upon the time of set of silicic acid gels 

DISCUSSION 

The data show, quantitatively, a straight-line relation between the time 
of set of the mixture and the time which had elapsed from the time of 
mixing the original solution to the time of addition of the extra acid or 
water. The limits of these straight lines are a maximum time of set, when 
the extra acetic acid solution, or water, was added at the start,—that is, as 
part of the original mixture,—and a minimum time of set when the original 
mixture set without addition. These linear relations are very significant. 

For example, if we consider the second line of the first section of table 1, 
we see that the extra 6 cc. of acid added 15 min. after the gel mixture was 
prepared gave a mixture whose setting time was 79 min. If this extra 
acid had been added at the start, the time of set would have been 88 min., 
while if it had never been added, the original mixture would have set in 
57 min. 

We may consider that this setting process is proceeding in the original 
solution at a rate such as to make it set in 57 min., and that, after the 
addition of the extra acid, the rate became much slower, so that 88 min. 
would have been required for setting. Calculating that after the original 
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16 min., the fraction —==— must still occur at a rate such that —-—- X 


57 

88 min. are necessary, we have for our total time of set 


57 


^7 — 1 ^ 

t = 15.0 + ? X 88 = 15.0 + 64.7 = 79.7 min. 

07 


The time measured was 79.0 min. It is obvious that such a calculation is 
possible for all points and that these calculated setting times will agree 
with the actually measured values as well as the coincidence of the points 
with the straight lines. The latter agree with the straight-line relations 
within the experimental error, except for one value at 30 min. on curve 1 
for acid and several values for water. 

It would appear, then, that we may change the rate of the setting process 
by dilution or by addition of more acid; the latter includes both a dilution 
of the solution and an increase in the hydrogen-ion concentration. The 
effect of either of these procedures is to change the time of set by an 
amount capable of calculation, namely, as the sum of two time intervals. 

It appears to make no difference where the extra acid solution or water 
is added between the limits of the original mixing time and 85 per cent of 
the setting time. Over this wide range, the time of set of the final mixture 
appears to be equal to the sum of the two time intervals. It would be 
very interesting if an addition of either were possible even nearer to the 
time of set, but it proved impossible to mix the result uniformly. 

The general weight of opinion of workers in this field favors the poly- 
silicic acid fibrillar theory to explain the formation of silicic acid gels (7, 6). 
The theory postulates that a monosilicic acid is first formed and that 
condensation reactions occur, building up more and more complex acids 
(1) until finally the whole mass sets. 

There is, apparently, no especially significant point in the setting process 
at which addition of more acid has a particularly marked effect. 


SUMMARY 

The time of set of a silicic acid gel mixture, produced by mixing solutions 
of sodium silicate and acetic acid, may be increased by addition of more 
water or more acetic acid solution. The original mixtures were acid and 
the temperature was kept constant at 25°C. 

There is, apparently, no time during the setting when the process shows 
any unusual sensitivity to change in the hydrogen-ion concentration, the 
process being uniformly affected. 

The time of set may be calculated, if the time of the addition of water 
or acetic acid solution is known, since the relation is linear. The total 
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time is shown to be the sum of two intervals, each dependent on the 
concentration of silica and of hydrogen ion. 

The bearing of this experiment upon the fibrillar condensation theory of 
silicic acid gel structure has been discussed. 
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INTRODUCTION 

The influence of sol concentration on the flocculation values of pure 
ferric oxide and chromium hydroxide hydrosols has been previously re¬ 
ported (3, 5). With these pure sols the flocculation values decreased for 
monovalent ions, remained constant for divalent ions, and decreased for 
trivalent and tetravalent ions as the sols were diluted. This behavior 
conformed to the flocculation rule formulated by Burton and Bishop (1). 
When these pure sols were made impure by adding small amounts of 
stabilizing electrolytes, the flocculation values for all ions decreased as the 
sols were diluted. In this paper a more detailed study of the behavior 
of chromium hydroxide sols will be presented, as well as observations on 
other typical systems. Changes in flocculation values when the sols were 
diluted with alcohol are also included. 

CHROMIUM HYDROXIDE 

Table 1 shows the effect of the addition of chromium chloride on the 
flocculation values of a pure chromium hydroxide sol at various dilutions. 
The monovalent coagulating ions chosen are widely separated in the 
Hofmeister series; two polyvalent ions are also included. The sol was 
prepared by precipitating the hydroxide from a chromium chloride solution 
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TABLE 1 


Effect of the addition of chromium chloride on the flocculation values of a chromium 

hydroxide sol 



MILLIMOLES 


SOL CONCENTRATION 


COAGULATING SALT 

OF CrCU 






PER LITER 

100 % 

B0% 

60 % 

i0% 



0.0 

1.3 

1.7 

2.0 

2.4 



0.1 

3.4 

3.7 

3.8 

4.1 

NaCl 


0.2 

8.0 

7.0 

7.0 

7.0 


0.3 

11.0 

10.0 

9.5 

9.0 



0 4 

16.0 

15.0 

14.0 

13.5 



0.5 

20.0 

18.0 

16.0 

14.5 


f 

0 0 

1.1 

1.3 

1.5 

1.6 



0.1 

2 0 

2.2 

2.0 

1.5 

NaCsHjOa 


0 2 

0.3 

3.7 

4.9 

3.8 

5 0 

3.6 

4.6 

3.3 

4.2 



0 4 

5.5 

4.5 

4.0 

3.5 



0.5 

6.0 

5.5 

5.0 

4.0 

1 


0.0 

1 

1.2 

1.6 

2.2 

3.0 



0 1 

3.6 

3.9 

4.1 

4.3 

Nal i 


0.2 

10 0 

10.0 

10.0 

10.0 


0.3 

15.0 

14.0 

13.8 

13.5 



0.4 

23 0 

22.0 

21 0 

19.0 



0.5 

27.0 

26.0 

22.0 

20.0 


' 

0.0 

1.0 

1.4 1 

1.6 

1.8 



0.1 

1.9 

2 1 

2.2 

2 3 

NaSCN < 


0 2 

4.0 

4.2 

4 0 

3.8 


0 3 

5.5 

5.0 

5.0 

4 5 



0.4 

8.0 

7.5 

7.0 

6.0 



0.5 

10.0 

9.5 

9.0 

8 0 



0.0 

0.06 

0.06 

0.06 

0.06 



0.1 

0.08 

0.07 

0.07 

0.06 

Na2S04 < 


0.2 

0.14 

0.12 

0 10 

0.09 


0.3 

0.18 

0.16 

0 13 

0.11 



0.4 

0.19 

0.16 

0 14 

0.12 



0.5 

0.23 ! 

0.20 

0.15 

0 12 



0.0 

0.040 

0.030 

0.025 . 

0.020 



0.1 

0.050 

0.045 

0.035 

0.025 

K,Fe(CN),... j 


0.2 

0.080 

0.065 

0.055 

0.045 


0.3 

0 no 

0.085 

0.070 

0.050 



0.4 

0.125 

0.085 

0.075 

0.060 



0.5 

0.140 

1 0.110 

0.090 

0.060 


by means of ammonia in a manner previously described (3). In the final 
purified state it contained 0.940 g. of chromium per liter. The original 
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sol is referred to as 100 per cent, and the lower percentages are in terms of 
the original concentration. Unless otherwise stated, all dilutions were 
obtained by adding water. 

The flocculation values of the pure sol for the various coagulating ions 
again have shown that a pure chromium hydroxide sol follows the rule 
of Burton and Bishop when coagulated by ions of varying valences. 

When a sufficient amount of chromium chloride was added the floccula¬ 
tion values of all ions were higher, and those of the monovalent coagulating 
ions decreased as the sol was diluted. This behavior of the impure sol is 
contrary to that predicted by the Burton-Bishop rule. As the sols were 
made more impure by the addition of chromium chloride, the flocculation 
values for all ions showed a more distinct decrease with sol dilution. 

TABLE 2 

Changes in the flocculation values of sodium chloride when a chromium hydroxide sol 

is diluted with liquids 


DILUTING AOKNT 



90 % 

80 % 

Water . 

0.4 

0.5 

Alcohol ( 20 %) 

0.35 

0.35 

Alcohol ( 40 %) 

0.35 

0.35 

Alcohol ( 60 %) 

0.35 

0.40 

Alcohol ( 80 %) . 

0.35 

0.40 

Alcohol ( 90 %) 

0.30 

0.40 

Alcohol ( 100 %) 

0.40 

0.30 

Methyl alcohol ( 100 %) 

0.35 

0.40 

Acetone ( 100 %) 

0.35 

0.40 


SOL CONCBNTBATION 


70 % 

00 % 

50 % 

40 % 

30 % 

20 % 

0.6 

0.7 

0.8 

0.9 

1.4 

1.8 

0.40 

0.40 

0.40 

0.40 

0.40 

0.45 

0.35 

0.30 

0.25 

0.20 

0.20 

0.20 

0.35 

0.25 

0.15 

0.15 

0.15 

0.10 

0.35 

0.30 

0.30 

0.20 

0.15 

0.05 

0.10 

0.10 

0.08 

0.06 

0.05 

0.05 

0.10 

0.05 

0.001 




0.50 

0.45 

0.30 

0.10 

0.05 

0.01 

0.45 

0.20 

0.15 

0.20 

0.20 

i 0.20 


The changes in the flocculation values of sodium chloride when a pure 
chromium hydroxide sol was diluted with absolute ethyl alcohol and 
similar liquids are shown in table 2. The original sol contained 0.825 g. of 
chromium per liter and had a flocculation value of 0.25 millimole of sodium 
chloride per liter. 

The sol showed a distinct increase in flocculation values when dilutions 
were made with water. As the dilutions were made with an increasing 
amount of alcohol the extent of increase diminished, and finally the 
flocculation values showed a decrease when a sufficient amount of alcohol 
was added. The results with methyl alcohol and acetone were similar to 
those exhibited with ethyl alcohol. In all instances the first diluting 
portions seemed to increase the sol stability toward sodium chloride, but 
as the amount of alcohol increased the flocculation values passed through a 
maximum and then decreased. Table 3 shows the effect of the addition 
of stabilizing electrolyte on this maximum flocculation value. The sol 
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used contained 0.631 g, of chromium per liter. A 60 per cent solution of 
ethyl alcohol in water was used as the diluting agent. 

With the addition of chromium chloride the observed maximum de¬ 
creased and soon disappeared, as shown by table 3. The changes observed 
when a pure chromium hydroxide sol is diluted with methyl and ethyl 
alcohols and acetone may be attributed to the dehydrating nature of the 
diluting liquids, since a pure sol quite definitely owes a major portion of 
its stability to hydration. The first dilution with these liquids is similar 
to dilution with water, since the flocculation values for monovalent ions 
increased. But with increasing dilution sensitization and dehydration 
became more acute and the flocculation values showed a decrease. When 
chromium chloride was added to a hydrated sol a large part of the sol 
stability was due to ion adsorption. When this is the case, dilution with 
alcohol and other licpiids becomes more similar to dilutions with water. 


TABLE 3 

Effect of the addition of stabilizing electrolyte on the maximxm flocculation value 


UILLIMOIiES 
OF CrCla 

HOL CONCENTRATION 

PER LITER 

100% 

90% 

80% 

70';, 

OO'y 

50 % 

40% 

0.0 

0.50 

0 60 

0 65 

0.60 

0.40 

0 30 

0 15 

O.l 

1.8 

1 0 

1.8 

1.7 

1 6 

1 4 

1.3 

0.2 

3,0 

3.2 

2.9 

2.6 

2.3 

2.1 

1 9 

0,3 

5 6 

5.1 

4.6 

4 3 

4.0 

3 7 

3 3 


ARSENIC TRISULFIDE 

That the flocculation values for monovalent ions for an arsenic trisulfide 
sol inciuase as the sol is diluted has long been known. This work shows 
how the addition of stabilizing electrolyte impurity changes the ordinary 
behavior with dilution. The sol was prepared by bubbling hydrogen 
sulfide through a saturated solution of arsenious oxide (4). The resultant 
sol was dialyzed in collodion bags for 24 hr. at 50°C. In the final purified 
state it contained 1.18 g, of arsenic per liter. Table 4 show\s the floccula¬ 
tion values with water and 95 per cent ethyl alcohol as the diluting agents. 

When the dilutions were made with alcohol the flocculation values for 
potassium chloride increased more than when the dilutions were made with 
water. A possible reason for this can be found in an ordinary rule of 
adsorption, which states that adsorption in solution is largely dependent 
upon the surface tension of the solvent. The addition of alcohol lowered 
the surface tension of the liquid phase; consequently adsorption was 
lessened and the presence of a larger amount of coagulating electrolyte 
was necessary for flocculation. 
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Table 6 shows the flocculation values for potassium chloride when 
stabilizing electrolyte was added. 

It is evident that as the sol was made impure with stabilizing electrolyte 
the flocculation values became higher and the increase with dilution was 
much less. Larger amounts of sodium sulfide were not added, as its 
solvent action tended to destroy the colloidal nature of the sol. 


TABLE 4 

Flocculation value for arsenic trisulfide sol with water and alcohol as diluents 


SOL CONCENTRATION 


1 

lOO'o 


WVo 

1 “'i 

1 20''i 

Dilutions with water 

KCl. 

78. 

84. 

90. 

94. 

98. 

BaCL. 

0.6 

0.6 

0.6 

0.6 

0.6 

CrCL. 

0.025 

0.023 

0.020 

0 017 

0.015 

Dilutions with alcohol (95 per cent) 

KCl. 

78. 

00. 

95. 

105. 

1 130. 

BaClj. 

0,6 

0.8 

0 8 

0.8 

0.7 

CtCU . 

0,025 

0.023 

0 020 

0 018 

! 0.015 


TABLE 5 

Flocculation values for potassium chloride in presence of stabilizing electrolyte 


BTABtLIZINO ELECTROLYTE 

SOL CONCENTRATION 

100':^ 

80% 

60':^ 

40'i 

20% 

1 millimole of Na 2 S per liter 

140 

140 

145 

148 

150 

2.6 millimoles of Na 2 S per liter.. 

150 

ISO 

150 

152 

155 

Sol saturated with H 2 S . 

126 

125 

130 

132 

135 


MANGANESE DIOXIDE 

The sol was prepared by the reduction of permanganate by ammonia (2). 
In the final purified state it contained 0.320 g. of manganese dioxide per 
liter. Flocculation values are shown in table 6. 

Table 6 readily shows that the Burton-Bishop rule applies to the floccula¬ 
tion of manganese dioxide if the sols are made sufficiently pure by dialysis. 
When dilutions were made with alcohol some flocculation values first 
increased, then decreased with dilution,—behavior characteristic of a 
highly hydrated sol. This sol exhibited an ‘‘irregular series” with the 
polyvalent coagulating ions. Between the ranges of concentration shown 
for the flocculation values the sol was completely coagulated; at either 
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end it was stable. The lower limit represents the flocculation values for 
a negative sol, and the upper limit was the point at which the sol had 
adsorbed a sufficient amount of positive ions to become a positive sol. 


TABLE 6 


Flocculation values for manganese dioxide sol 


SALT 

BOL CONCENTRATION 


100% 

80% 

60% 

40% 

20% 


Sol dialyzed for 24 hr. at 90®C. Dilutions with water 


NaCl. 

10.0 

10 0 

9.0 

8.5 

8.0 

LiCl. 

12.0 

11.0 

10.5 

9.0 

7.0 

BaCb . 

0.15 

0.15 

0.15 

0 15 

0.15 

CrCli. 

0.12-0.06 

0.09 -0.05 

0 08 -0.04 

0.05 -0.03 

0.03 -0.02 

AlCl,. 

0.13-0.07 

0.10 -0.06 

0.08 -0.05 

0.06 -0.04 

0.03 -0.02 

Th(NO,)«. . 

0.05-0.03 

0.045-0 025 

0.030-0.020 1 

1 

0.020-0.015 

0.015-0.010 


Sol dialyzed for 72 hr. at 90°C. Dilutions with water 


NaCl. i 

1.0 

i 1.1 

1.3 

1.4 

1.6 

LiCl. 

1.9 

2.1 

2.2 

2.4 

2.6 

KCl. 1 

0.8 

0.7 

0.65 

0.60 

0.50 

BaCb. i 

0.06 

0.06 

0.06 

0.06 

0.07 

CrCI,. 

0.065-0.015 

0 055-0.015 

0.045-0.010 

0 030-0.007 

0.015-0.004 

Th(NO,)4.... 

0.018-0,008 

0.018-0.006 

0.016-0.005 

0.012-0 004 

0.007-0.003 

Sol dialyzed for 72 hr. 

at 90®C. Dilutions with 95 per cent ethyl alcohol 

NaCl. 

1.0 

1.25 

1.1 

0.8 

0.5 

LiCl. 

1.6 

1.65 

1.5 

1.0 

0.7 

KCl. 

0.8 

0.6 

0.45 

0.3 

0.1 

BaCl,. 

1 0.06 

0.04 

0.03 

0.02 ; 

0.008 

CrCL. 

0.065-0.015 

0.040-0.015 

0.025-0,013 

0.015-0.009 1 

0.013-0.006 

Th(NO,)4.... 

0.018-0.008 

0.014-0.008 

0.009-0.005 

0.008-0.003 1 

0 006-0.002 


FERRIC OXIDE 

The ferric oxide sol has been previously shown to follow the Burton- 
Bishop rule (5). This work was for the purpose of following changes in 
flocculation values when dilutions were made with ethyl alcohol. The sol 
was prepared and purified according to the method described by Sorum (6). 
In the final purified state it contained 1.708 g. of iron per liter. Table 7 
shows flocculation values when dilutions were made with 95 per cent ethyl 
alcohol. Here again it seems probable that the decreasing stability with 
dilution is caused by the dehydrating action of the diluting alcohol. 

A stannic oxide sol was prepared by peptizing the precipitated hydroxide 
with ammonia, and was dialyzed for 2 days at room temperature. In the 
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final purified state it contained 2.88 g. of stannic oxide per liter. Table 8 
shows flocculation values. 

Table 9 shows the results obtained with an aluminum hydroxide sol 
l)repared by washing the precipitated hydroxide until it was peptized. 


TABLE 7 

Flocculation valuer for ferric oxide sol when dilutions were made with ethyl alcohol 


8ALT8 

80L CONCENTRATION 

\mo 

80% 

60% 


20% 

NaCl. 

10.5 

8.5 

7.8 

6.5 

5.5 

NaCjHaOz . . 

4.0 

3.7 

3.3 

2.8 

2.0 

NaSCN 

6.5 

5.0 

4.3 

3.7 

3.0 

KCl. 

10.0 

8.5 

7.8 

6.5 

5.5 

LiCl .. . 

10.5 

8.5 

8.0 

7.5 

7.0 


TABLE 8 


Flocculation values for stannic oxide sol 


SALTS 

80L CONCENTRATION 

100% 

807i 

60% 

1 <0% 

20^i 

Dilutions with water 

NaCl. 

0.7 

0.8 

0.9 

1.0 

1.0 

LiCl. 

0.6 

0.7 

0.8 

1.0 

1.2 

KCl. 

0.65 

0.68 

0.70 

0.75 

0.80 

BaCU. 

0.04 

0.04 

0.04 

0.04 

0.04 

AlCla. 

0.015 

0.012 

0.010 

0.009 

0.007 

Dilutions with alcohol 

NaCl. 

1 0.70 

0.60 

0.55 

0.50 

0.50 

LiCl. 

0.60 

1 0.60 

0.55 

0.45 

0.40 

KCl. 

0.65 

0.60 

0.50 

0.40 

0.30 


0.01 g. of NHs per liter; dilutions with water 


NaCl. 

5.0 

1 4.0 

3.2 

2.5 

2.0 

LiCl. 

5.5 

5.0 

4.5 

4.0 

3.8 


Sols of titanium oxide and thorium hydroxide were prepared and purified 
by dialysis. Attempts to purify the sols to a high degree failed, as they 
coagulated in the dialyzer. With these sols the flocculation values for all 
ions decreased as the sol was diluted. However, the extent of decrease 
for the monovalent ions was noticeably diminished as the sols were dialyzed 
to higher degrees of purity. 
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DISCUSSION 

The results have shown that with pure sols floeeulation values increased 
for monovalent ions, remained about the same for divalent ions, and 
decreased with polyvalent ions as the sols were diluted. When the sols 
were made impure with stabilizing electrolyte, flocculation values for all 
electrolytes decreased. These results indicate that the applicability of 
the Burton-'Bishop rule is determined by the purity of the sol. 

One of the possible factors contributing to the increased stability of 
diluted systems is the increased adsorption of the stabilizing ion of the 
coagulating electrolyte with dilution (7). When relatively large amounts 
of stabilizing electrolyte are already present it may prevent any great 


TAHLK 9 

Flocculation values for an aluminum hydroxide sol 




SOL CONCKNTBATION 

AALT8 

- - - _ 

_ _ 

__ _ 


IW'i 1 


60^;, 

Dilutions with water 


NaCl 

29.0 ! 

32.0 

34.0 

NaC,H,Os 

7.0 j 

8.0 

8.5 

Na,80, 

0.09 1 

0.01) 

0.00 

K,Fe(CN). . 

0.05 1 

0.03 

O.Ol 



38.0 
0.0 
0 00 
0.003 


NaCl 


NaCl 


Dilutions with alcohol 
I 29.0 I 21.0 j 12.0 

Untlialyzed sol; dilutions with water 

. [ 175 j 170 I 160 


4.0 


155 


adsorption of ions of added electrolyte. Hence the above-mentioned factor 
in increasing sol stability with dilution may not function. 

When hydration was a factor in sol stability, dilution with dehydrating 
agents naturally resulted in a decrease in flocculation values. This 
dehydrating effect more than balanced any stabilizing effects of dilution, 
as shown in tables 2, 3, and 6, where the flocculation values first increased 
but then decreased as further amounts of alcohol were added. 

SUMMARY 

The applicability of the Burton-Bishop rule to hydrosols of chromium 
hydroxide, ferric oxide, arsenic trisulfidc, manganese dioxide, stannic 
oxide, aluminum hydroxide, titanium oxide, and thorium hydroxide seems 
to be a function of the purity of the sol. Highly purified sols followed the 
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rule; sols containing relatively large amounts of stabilizing electrolyte 
did not. 
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ACTIVATED CARBON AS A CATALYST IN CERTAIN 
OXIDATION-REDUCTION REACTIONS' 
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1. The Decomposition op Hydrogen Peroxide 

Lcmoine (17) in 1907 first reported that carbon is an effective catalyst 
for the decomposition of hydrogen peroxide solutions. In 1923 Firth 
and Watson (5) found that heating ordinary sugar carbon in vacuo increases 
its activity greatly, but that after the reaction has proceeded for about 
10 hr. the catalyst becomes ineffective. They also found (6) that the 
rate of decomposition is proportional to the quantity of catalyst used. 
It has since been observed (15) that heating in an atmosphere of moist 
oxygen results in a still more active carbon. King (11) obtained a carbon 
of maximum activity on activating sugar carbon at 900®C. and a product 
of minimum activity at 450®C. He found the catalyst to become ineffec¬ 
tive after the reaction had continued for about 90 min. Ho attributed 
the decay in activity to a chemical reaction betw(*en th(‘ peroxide and the 
surface oxide of the carbon. 

It is the purpose of this investigation to develop a techniqiu* for obtain¬ 
ing samples of activated carbon whose catalytic properties can be repro¬ 
duced, and to use this carbon to obtain more accurate data on the factors 
affecting the rate of decomposition of hydrogen peroxide. Special em¬ 
phasis is given to the decay of catalytic activity. In part II of this paper 

1 This investigation was financed by a grant from the Research Committee of the 
University of Wisconsin, Dean E. B. Fred, Chairman, 
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the activity of carbon when used as a catalyst in two autoxidation reac¬ 
tions is discussed. 


EXPERIMENTAL PROCEDURE 

Preparation of carbon 

Mallinckrodt’s “reagent quality’’ sucrose was used in all the work re¬ 
ported hero unless otherwise specified. Fifty-gram portions of sucrose 
were heated in silica dishes in a muffle furnace at 500®C., and the charred 
residue ground to less than 100 mesh in an agate mortar. Ten grams of 
the ground carbon were placed in a long-necked quartz flask and heated 
in a muffle furnace at lOOO^C. until no more gases were evolved. The 
resulting carbon contained less than 0.04 per cent ash. The carbon was 
activated in an all-quartz system consisting of a large opaque silica cylinder 
into which was inserted a long-necked quartz tube with an activating 
chamber 15 cm. long and 4 cm. in diameter. Ten-gram portions of carbon 
were placed in the activating chamber, the system flushed out first with 
nitrogen, then with oxygen, and moist oxygen passed over the carbon at 
the rate of 5 ml. per minute. The oxygen train was the same as that used 
by King and Lawson (13) and consisted of one wash flask filled with water 
and two with a saturated solution of calcium chloride. The activation 
w*as continued for 12 hr,, since King (11) found that for carbon activated 
at 800®C. the activity of the carbon becomes nearly constant after 10 to 
12 hr. of heating. The temperature of the furnace was held constant to 
it5°C. At the end of 12 hr. the carbon was quickly poured out into small 
beakers, allowed to cool a moment in air, and then placed under vacuum 
until used. The loss in weight during activation represented about 40 
per cent of the total carbon. 

Materials 

Merck’s “reagent quality” superoxol, w^hich is free from stabilizer, w^as 
simply diluted to the desired concentrations with double-distilled w^ater. 
These results agreed with those obtained using redistilled c.p. quality 
superoxol. All other materials used were of the highest quality obtain¬ 
able, and were used without further purification. 

Apparatus 

The rate of decomposition of hydrogen peroxide was followed by measur¬ 
ing the rate of oxygen evolution in an apparatus similar to that described 
by Filson and Walton (4). Fifteen milliliters of peroxide solution were 
placed in the flask, and the carbon was suspended in a glass vial which 
broke immediately upon starting the run. It was necessary to apply a 
correction for the gases evolved on wetting the carbon. 

Unless otherwise stated, all work was carried out at 25®C., using as 
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catalyst carbon activated at 860®C. The results obtained in duplicate 
runs in experiments involving carbon and peroxide only (runs in which 
no foreign substances were added) agreed to within 2 per cent when the 
same batch of active carbon was used, and to within 6 per cent when 
carbon activated in two different batches was used. 

Concentrations are expressed as milliliters of available oxygen per 
15 ml. of solution, corrected to standard conditions. 

FACrrORS AFFECTINa THE BATE OF DECOMPOSITION 

Temperature of aUivation 

Carbon was activated at approximately 75®C. intervals over the range 
from 336® to 1045®C. Half-gram portions were allowed to react with 
15 ml. of peroxide solution containing 75 ml. of available oxygen. The 



Fio. I. Effect of temperature of activation of carbon: O, on rate of decomposition 
of hydrogen peroxide (work of present authors); ®, on cataphoretic velocity in it 
per second per volt per centimeter (from King). 

Fig. 2. Effect of initial concentration of hydrogen peroxide (in milliliters of 
available oxygen): 9, on the time of half-life of the decomposition; O, on the time 
of third-life of the decomposition. 

volume of oxygen evolved in the interval from 5 to 35 min. was taken as 
an index of its activity. The results are shown in figure 1. The carbon 
is inactive when activated below 360*C.; the activity reaches a maximum 
for carbons activated at 825-875®C. King (11) reported a pronounced 
miwimnm in activity at 400®C. and a large increase in activity at lower 
temperatures. The activity of his “unactivated” carbon was equivalent 





ACTIVATED CARBON AS A CATALYST 


73 


to that of his carbon activated at about 650® to 700®C. The present 
authors found that carbon which had not bc^en activated possessed slight 
catalytic activity, and attribute this to activation which occurred when 
the sugar was charred. It is probable that the carbon used by King was 
prepared under such conditions that appreciable activation took place, 
and the activity he reports for low-temperature carbons is probably due 
to failure to refetablish the surface characteristic of low-temperature 
carbon after the activation which occurred on charring. 

Figure 1 also gives the data of King (12) for the effect of temperature 
of activation on the cataphoretic velocity of activated carbon. The form 
of the two curves is practically identical. It is probable that the same 
surface condition which gives rise to the high negative charge on the carbon 
is also that which is responsible for its catalytic activity in the decomi)osi- 
tion of hydrogen peroxide. 

TABLE 1 


Oxygen liberated from peroxide solution by carbon from different sources 


aOURCIi OF C\RDON 

VOLUMB OP OXTOBN 
BVOLVBD IN 5 TO 35 
MlNUTBa 

Gelatin. 

ml. 

Immeasurably fast 

Lactose. . , 

15.35 

Dextrose. 

14.35 

Sucrose. 

11.40 

Starch . 

9.75 

Acetylene black . 

0.65 


Source of carbon 

Carbon was prepared in the usual manner from lactose, dextrose, starch, 
and ash-free gelatin. In addition, a sample of Shawinigan acetylene black 
was procured. Samples (0.3 g.) of the activated carbon were allowed to 
react with 15 ml. of peroxide solution containing 60 ml. of available oxygen. 
In table 1 is listed the amount of oxygen evolved in the interval from 5 to 
35 min. 

The carbon prepared from gelatin was extremely active. When only 
0.1 g. was used, 40 ml. of oxygen was evolved in 7.5 min. In an experiment 
with 0.01 g. of catalyst and 817 ml. of available oxygen, 33.2 ml. of oxygen 
was evolved in 10 min., as compared to 1.05 ml. of oxygen evolved when 
sucrose carbon was used. This high activity is in agreement with the 
observations of Farmer and Firth (3), who found that carbons of highest 
activity are those derived from substances containing basic nitrogen. 
The active gelatin carbon contained 1.6 per cent nitrogen. 

The low activity of the acetylene black is likely related to its graphitic 
structure, since it is produced at temperatures above 1500®C. 
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Initial peroxide concentration 

To determine the effect of the concentration of peroxide on the rate of 
decomposition, 0.3 g. of active carbon was allowed to react with 15 ml. of 
peroxide solution whose initial concentration was varied from 15 ml. to 
120 ml. of available oxygen. From figure 2 it is seen that the times of 
half-life and of third-life are proportional to the initial peroxide concen¬ 
tration. This is not a zero-order reaction, however, for tlie rate of the 
reaction decreases as the reaction proceeds. This dc'cay in activity is 
discussed at length later in the paper. 

Since the amount of peroxide decomposed per unit time is proportional 
to the quantity of catalyst present (6), it is probable that the reaction 
takes place with peroxide adsorbed on the surface. If this is true, then 
the amount of oxygen evolved per unit time at different concentrations 
should be an index of the amount of peroxide adsorbed. It is then possible 
to calculate indirectly the constant w of Freundlich’s adsorption equation 

x/m = ac'* 

Plotting the volume of oxygen evolved in 10 min. against the mean peroxide 
concentration gives a curve resembling an adsorption isotherm. Plotting 
the logarithm of the volume evolved against the logarithm of the mean 
concentration gives a straight line of slope 0.39. If 30 min. is chosen as 
the unit of time, the value of the slope is smaller because of the decay 
factor. If a smaller unit could conveniently be taken, a value greater 
than 0.39 would result. In later calculations the value 0.45 has been used. 

If one attempts to determine reaction rate constants in the usual manner 
it is found that the reaction follows no apparent order of reaction until 
from 15 to 20 per cent of the peroxide has been decomposed. From 20 
to 45 per cent decomposition the reaction appears to be a second-order 
reaction, and beyond 45 per cent decomposition it appears to be a first- 
order reaction. This regularity was observed in all the reactions, regard¬ 
less of the concentration of the peroxide, the amount of catalyst, or tem¬ 
perature of the reaction, providing that a fresh sampk* of catalyst was 
employed in each run. 

Variation of the quantity both of catalyst and of peroxide 

The quantity of catalyst and the initial concentration of peroxide were 
increased progressively from 0.075 g. of carbon and 15 ml. of available 
oxygen to 0.6 g. of carbon and 120 ml. of available oxygen. The ratio of 
carbon to peroxide was kept constant at 0.1 g. carbon to 20 ml. of available 
oxygen. The period of half-life is a linear function of the reciprocal of the 
initial peroxide concentration. This is shown in figure 3. 
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Temperature of reaction {temperature coefficient) 

In determining the influence of the temperature on the rate of peroxide 
decomposition, 0.3 g. of carbon was allowed to react with 15 ml. of peroxide 
solution containing 50 ml. of available oxygen at intervals of 5°C. from 
15® to 35®C. The temperature coefficient, calculated from the reciprocal 
of period of half-life, was 1.90 over the range from 15° to 25°C., 1.97 from 
20° to 30°C., and 2.03 from 25° to 35°C. This compares with the value 
of 2.1 reported by Allmand and Style (1) for the thermal decomposition 




Fir,. 3 Fig. 4 

Fig. 3. Variation of time of half-life with reciprocal of initial peroxide concentra¬ 
tion when amounts of carbon and of hydrogen peroxide are increased in the same 
proportion. 

Fig. 4. hJffect of pH on time of half-life. 3 represents runs using hydrochloric 
acid in place of sulfuric acid to adjust the pH in the acid range. 


of hydrogen peroxide. The high value of the coefficient indicates that 
the rate of chemical reaction rather than the rate of diffusion is the limiting 
factor in determining the speed of reaction. 

Hydrogen^ion concentrations 

The period of half-life for the decomposition of hydrogen peroxide solu¬ 
tion containing 50 ml. of available oxygen and catalyzed by 0.3 g. of active 
carbon was determined over the pH range 2.6 to 9.5. Sodium hydroxide 
was used to adjust the pH over the alkaline range, and sulfuric acid over 
the acid range, though it was found that hydrochloric acid gave identical 
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results. The pH measurements were made with a glass electrode. The 
results are shown graphically in figure 4. 

Metallic salts 

Salts of many heavy metals are in themselves effective catalysts for the 
decomposition of hydrogen peroxide. Iron salts (2) are known to be the 
most effective, but copper salts (14) are able to effect appreciable decom¬ 
position. In this work the catalytic activity of ferric sulfate and copper 
sulfate when used in conjunction with active carbon was determined. 
Samples (0.3 g.) of carbon and varying amounts of the salt were allowed 



Fig. 5 Fig. 6 


Fig. 6. Combined effect of ferric sulfate and active carbon on the rate of 
peroxide decomposition. 

Fig. 6. Combined effect of copper sulfate and active carbon on the rate of 
peroxide decomposition. 


to react with a peroxide solution containing 50 ml. of available oxygen. 
The results are shown in figure 5 for ferric sulfate and figure 6 for copper 
sulfate. In both cases, the presence of small quantities of the salt reduced 
the total activity. This is probably due to the preferential adsorption 
of the salt by the carbon. As the concentration of the salt is further 
increased,, the rate of decomposition begins to increase. With ferric 
sulfate this increase is very great and indicates a promoter reaction, since 
when ferric sulfate is used alone, the rate of increase of the speed of reaction 
tends to fall off over the same range of concentration. 
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THE DECAY IN CATALYTIC ACTIVITY OF CARBON 
The effect of moisture and oxygen 

The time of half-life was determined for the decomposition of 15 ml. of 
hydrogen peroxide solution containing 50 ml. of available oxygen, using 
as catalyst 0.3 g. of carbon which had been treated in a variety of ways. 
With no special treatment the period of half-life was 100 min. When the 
carbon had been moistened with water and dried in an oven for 6 hr. at 
110®C., the time of half-life was 108 min. A sample kept in a bomb at an 
oxygen pressure of 40 atmospheres for 3 days gave a half-life of 114 min. 
When the carbon was moistened with water and placed in the bomb at an 
oxygen pressure of 40 atmospheres, the time of half-life was increased to 
148 min. Another sample was suspended in water and tank oxygen 
bubbled through the suspension for 8 days. The time of half-life was 173 
min. The carbon is most readily deactivated by the combined action of 
moisture and oxygen. 

Maintaining constant concentration of peroxide 

To determine the rate of decomposition of hydrogen peroxide under 
conditions such that the peroxide concentration remained sensibly con¬ 
stant, 0.1 g. of carbon was allowed to react with 15 ml. of peroxide solution 
containing 817 ml. of available oxygen. During the course of the observa¬ 
tions a total of 42 ml. of oxygen was evolved,—about 5 per cent of the total 
available quantity. The rate of decomposition over the same period 
decreased from 2.09 to 0.22 ml. of oxygen per minute. Compared to this 
enormous decrease in activity, the 5 per cent decrease in peroxide concen¬ 
tration is almost negligible, and can be regarded as remaining constant 
throughout the experiment. 

In figure 7 the variation of both the total amount of oxygon evolved 
and the rate of decomposition with time are given. In determining this 
rate of decomposition, a correction factor of 0.01 ml. per minute was 
applied to allow for the spontaneous decomposition of the concentrated 
peroxide solution. At the end of the run, 422 ml. of oxygen had been 
decomposed per gram of carbon, and decomposition was still taking place 
at the rate of 2.2 ml. of oxygen per gram of carbon per minute. The 
activity was decreasing, very slowly over this range. King (11) has 
postulated that active carbon is not a true catalyst, but that a reaction 
occurs between active carbon and the high-temperature surface oxide, 
converting it into the low-temperature type with the liberation of oxygen. 
However, he reported complete decay in activity of 850®C. carbon when 
only 70 ml. of oxygen had been evolved per gram of carbon. It is possible 
that the surface oxide is changing during the reaction, but in light of the 
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data presented here, the simple stoichiometric change postulated by King 
is not sufficient to explain the observed facts. 

Repeated use of the same carbon 

The rate of decomposition of a hydrogen peroxide solution containing 
50 ml. of available oxygen with 0.3 g. of carbon as catalyst was followed 
in the usual manner. Then this same carbon, whose activity had greatly 
decreased, was allowed to react a second and then a third time with the 
same quantity of hydrogen peroxide. In another series the procedure was 



Fig. 7. Rate of decomposition with large excess of hydrogen peroxide; O, total 
volume of oxygen; €, dc/dt. 

Fig. 8. Log c versus time for three consecutive reactions using the same catalyst 


changed. The carbon was allowed to react with a solution containing 
100 ml. of available oxygen. When this carbon was used a second time, 
its activity was comparable with that of carbon used in the third run 
described above. The total quantity of hydrogen peroxide decomposed 
is then the important factor. 

In figure 8 the logarithm of concentration is plotted against time for 
these three consecutive reactions. The first reaction was carried to 80 
per cent completion (4 hr.), the second to 68 per cent completion (9 hr.), 
and the third to 45 per cent completion (9 hr.). In each case they appear 
to follow a first-order reaction during the greater part of the decomposition. 
There was no tendency to deviate from the straight line for as long a time 
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as the course of the reaction was followed. However, although these 
linear relationships are found to hold within a run, the values for the reac¬ 
tion rate constants for the three runs differ widely. For the reaction in 
which fresh carbon was used the first-order reaction constant was 97 X 
10“"®, for the second run 40 X lO”®, and for carbon used a third time 18 X 
10""® reciprocal seconds. 

In the calculation of the reaction rate constants just given, no considera¬ 
tion was given to the influence of adsorption. When a correction is made 




Fig. 9 Fig. 10 

Fig. 9. Variation of first-order reaction constant, corrected for adsorption, with 
amount of hydrogen peroxide decomposed in three consecutive reactions. 

Fig. 10. Effect of temperature of activation of carbon on adsorptive capacity for 
iodine. #, 795®C. carbon left in water 12 hr. and dried; 3, same left in hydrogen 
peroxide solution. 

for adsorption, the equation for the first-order reaction constant becomes 
(18) 

cr” - = kt 

where n is the Freundlich adsorption constant. Plotting against 
time should give a straight line of slope fc. 

Calculations were made for the series of three consecutive reactions, 
using for n the value 0.46. For these calculations the concentration of 
peroxide was expressed in moles per liter, and time in seconds. These 
calculations give a continuously decreasing value for the first-order ^ ^con¬ 
stants \ In figure 9 the values of the constants thus calculated are plotted 
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against the total volume of oxygen evolved during the reactions. Though 
in each of the three trials there is a sharp decrease in the value of the 
constant during the first part of the reaction, taken as a whole the values 
so obtained show a continuous decay in catalytic activity rather than the 
three sharp breaks obtained when calculations are made without taking 
adsorption into consideration. 

ADSORPTION OP IODINE PROM AQUEOUS SOLUTIONS 

Iodine has been used extensively to determine the relative surface area 
of carbon because it has been assumed (11) that not only are the mole¬ 
cules small enough to enter the ultra-fine pore structure, but that, unlike 
acids and bases, it is adsorbed equally well by high- and low-temperature 
carbons. A determination of the adsorption capacity for iodine of carbons 
activated at different temperatures seemed advisable. 

The adsorption experiments were carried out according to the method 
of Kruyt and deKadt (16), using 0.6 g. samples of carbon and 50 ml. of 
0.1084 N iodine solution. The results, calculated on the basis of grams 
of iodine adsorbed per gram of carbon, are shown in figure 10. There is 
a minimum in the amount of iodine adsorbed by carbon activated at 500®C. 
This minimum occurs at the same temperature of activation for which 
Schilow (20) reports a minimum in acid adsorption. It is scarcely probable 
that increasing the temperature of activation would decrease the total 
surface area. It would indicate, rather, that the nature of the carbon 
surface influences the amount of iodine adsorbed as well as the amount of 
acids and bases. 

To one sample of 795®C. carbon, distilled water was added; to another 
some stabilizer-free hydrogen peroxide. Both samples were allowed to 
stand overnight, then filtered and dried in vacuo at 65®C. for 6 hr. The 
carbon that had been kept in water adsorbed the same quantity of iodine 
as before this treatment, while that which had reacted with the peroxide 
adsorbed considerably less. The total surface area in each case should be 
the same. King (11) has postulated that the reaction with peroxide 
converts the surface oxide of the carbon from the high-temperature to the 
low-temperature form. This decrease in the amount of iodine adsorbed 
after a reaction between peroxide and carbon lends further support to the 
postulate, and indicates that the nature of the surface influences the 
amount of iodine adsorbed. One would scarcely expect the amount of 
adsorption to be equivalent to that of low-temperature carbon, for activa¬ 
tion at high temperatures would increase the surface area. The large 
increase in iodine adsorption for high-temperature carbons is caused by 
the combined effect of increased surface area and the formation of a new 
surface oxide. 
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DISCUSSION OF RESULTS 

In spite of the regularity observed in the rate of decomposition of hy¬ 
drogen peroxide when catalyzed by active carbon, the reaction is too 
complex to permit a simple quantitative analysis of the observed facts. 
In addition to the complications due to considerations of adsorption, there 
is superimposed an additional complicating factor,—the decay in activity 
of the carbon as the reaction proceeds. 

Most investigators now favor the hypothesis that the specific properties 
of active carbons are a result of the surface oxides formed at different 
temperatures of activation (19). At least two types of surface oxides are 
believed to exist. Schilow (20) postulates three types of surface oxides,— 
A, B, and C. At temperatures above 800®C., oxide B alone is present. 
At lower temperatures the oxide B is replaced by C, but B is present again 
in increasing amounts below 600®C. Since 850®C. carbon is most effective 
in the decomposition of peroxide, oxide B must be the catalyst. If this 
is true, then the activity should increase for carbons activated below 
500®C., but this does not occur. The existence of only two oxides as 
postulated by King,—an alkaline oxide formed at high temperatures and 
an acid oxide formed at low temperatures,—explains the observed facts 
much better. 

The data of King on the pH of charcoal suspensions and the measure¬ 
ments of iodine adsorption reported here support the view that deactiva¬ 
tion of the carbon and a change in the nature of the surface occur simul¬ 
taneously. However, contrary to the reports of previous investigators, 
complete destruction of catalytic activity was not observed, even after 
the reaction had continued for more than 20 hr. The carbon used in the 
extremely concentrated peroxide solution was still active even after it had 
decomposed six times the amount of peroxide that completely deactivated 
the carbon used by King. This indicates that the stoichiometric change in 
surface oxide does not adequately describe the change that occurs. Quali¬ 
tatively, at least, these results can be rationalized by picturing the reac¬ 
tion as proceeding through a chain mechanism, the length of chain in¬ 
creasing with increasing peroxide concentration. Haber and Weiss and 
coworkers offer a variety of evidence to show that the catalytic decomposi¬ 
tion of hydrogen peroxide by enzymes (9, 23), by various metals (23), and 
by ferrous and ferric ions (8) proceeds through a short chain mechanism 
involving the radicals OH and HO 2 . 

If the chain mechanism is assumed, then as long as the concentration 
of the peroxide remains constant, the rate of decomposition should be 
proportional to the quantity of catalyst present. Increasing the concen¬ 
tration increases the length of the chains and more peroxide molecules arc 
decomposed for a given number of initial chains. Thus, even if the initia- 
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tion of a chain results in a portion of the surface being changed from the 
alkaline to acid type of oxide, the actual quantity of peroxide decomposed 
would depend upon the concentration of the peroxide and would not be 
fixed, as King suggests. The effect of concentration on the length of chain 
would also explain the increase in velocity constant observed each time a 
fresh portion of peroxide was added to a partially deactivated sample of 
carbon. 

II. The Autoxidation of Stannous Chloride and Potassium Urate 

In part I of this paper the activity of activated carbon was measured by 
its effect on the rate of decomposition of hydrogen peroxide. In this part 
of the paper its activity will be measured by its effect on the rate of autoxi¬ 
dation of stannous chloride in an acid solution and of potassium urate in 
an alkaline solution. 


Apparatus and procedure 

The rate of autoxidation of these substances was followed by observing 
the decrease in volume of oxygen above the solution, using the method 
described by Filson and Walton (4). The stock solution of stannous 
chloride (Merckxs ^^reagent quality^^) was 0.354 N with respect to stannous 
chloride and 0.8 N with respect to hydrochloric acid. The stock solution 
of potassium urate contained 20 g. of uric acid (Merckxs) per liter and 25 g. 
of potassium hydroxide per liter. Both solutions were kept under an 
atmosphere of nitrogen. Samples (0.5 g.) of carbon were allowed to react 
with 15 ml. of the stock solution at 25®C. For the stannous chloride the 
rate of autoxidation in air was determined; for potassium urate the rate 
of autoxidation in oxygen. 

Autoxidation of stannous chloride 

Haring and Walton (10) found that ordinary powdered willow charcoal 
accelerates the rate of autoxidation of stannous chloride in acid solution 
very greatly, but no work was done on the effect of activated sugar carbon. 
In this investigation carbons activated at temperatures ranging from 350° 
to850°C. were employed as catalysts. In figure 11 the speed of reaction, 
expressed as the reciprocal of the time required for oxidation of half the 
stannous chloride present, is plotted against the temperature of activation 
of the catalyst. It is seen that the speed of reaction is greatest when car¬ 
bons activated in the neighborhood of 575°C. are used as catalysts. The 
rate of reaction decreases rapidly when carbons activated at temperatures 
above 650°C. and below 450°C. are used. It was found that this reaction 
is a zero-order reaction. There was no indication that the activity of the 
catalyst decays as the reaction proceeds, as is the case in the decomposition 
of hydrogen peroxide. 
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It is interesting to compare these results with those obtained by Schilow 
(20) and coworkers for the adsorption of acids and alkali on carbons acti¬ 
vated at different temperatures. The results they obtained for the adsorp¬ 
tion of hydrochloric acid are also shown in figure 11. They found a 
maximum adsorption of alkali and a minimum adsorption of acids on 
carbon activated at 540°C. Thus it is seen that those carbons which are 
capable of adsorbing the least amount of acid are those which are most 
effective in catalyzing the autoxidation of stannous chloride. The decrease 
in rate of autoxidation when carbons activated at higher or lower tempera- 



TEMPERATURE *0. 

Fig. 11. Flffect of temperature of activation: O, on the rate of autoxidation of 
stannous chloride (work of the present authors); 3, on adsorption of hydrogen 
chloride (from Schilow). 

tures are used can be attributed to the preferential adsorption of acid from 
the acid solution of stannous chloride, the acid occupying surface which 
would otherwise Iw* available for stannous chloride. 

Autoxidation of potassium urate 

Fr^rejacque (7) found that, using commercial activated charcoal in the 
ratio of 1 part of charcoal to 20 parts of water, the time required for the 
autoxidation of a quantity of potassium urate was reduced from 15 hr. 
to 10 min. No work was reported for the effect of activated sugar carbon. 
In this work carbons activated at temperatures from 350® to 850®C. were 
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employed as catalysts. In table 2 the time required to oxidize half the 
potassium urate present in solution is recorded for each type of carbon. 

These experiments were difficult to reproduce. They were carried out 
in triplicate and the mean of the three trials recorded. The individual 
runs differed from each other by as much as 10 per cent. The reaction 
was a zero-order reaction, and was independent of the rate of shaking the 
solution. As in the autoxidation of stannous chloride, here too there was 
no indication of decay in catalytic activity of the carbon. 

Approximately 2 moles of oxygen were absorbed for every 3 moles of 
potassium urate. This agrees with the observations of Frferejacque, who 
found that between one and two atoms of oxygen are needed to oxidize 
one molecule of uric acid. 


TABLE 2 


Effect of temperature of activation on the rate of autoxidation of potassium urate 


TBMPBBATUUB OF AGTIYATION 

nilB FOR BALF-OXIDATION 

•c. 


No carbon 

133 

Unactivated 

67 

360 

32.5 

430 

30 

600 

27 

570 

24.5 

650 

22 

730 

21.5 

800 

19.5 

, 850 

20 


From table 2 it is seen that the rate of reaction increases as the tempera¬ 
ture of activation is increased. There is no range of pronounced activity, 
as was observed for both the decomposition of hydrogen peroxide and the 
autoxidation of stannous chloride. Truszkowski (21) found that active 
carbon adsorbed no alkali urate from a solution whose pH value varied 
from 6 to 10, and concluded that the oxidation is purely a contact process. 
The increase in rate of reaction observed here can be attributed to the 
larger surface area per unit weight of carbon that is produced as the tem¬ 
perature of activation is increased. This is quite different from the de¬ 
composition of hydrogen peroxide, in which reaction the type of oxide 
present on the surface is the factor which decides whether or not a par¬ 
ticular sample of carbon is to be an active catalyst. 

SUMMARY 

The activity of activated carbon was measured by its effect on the rate 
of decomposition of hydrogen peroxide, and on the rate of autoxidation 
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of stannous chloride and potassium urate. The effect of temperature of 
activation on the amount of iodine adsorbed from aqueous solutions was 
determined. 

The effect on the rate of decomposition of hydrogen peroxide when 
catalyzed by activated carbon was determined for the temperature of 
activation, source of carbon, initial peroxide concentration, variation of 
both quantity of catalyst and of peroxide, temperature of reaction, pH, 
metallic salts, and repeated use of the same catalyst. 

The decay in activity of the carbon during peroxide decomposition was 
discussed from the point of view of surface oxides of carbon and the chain 
mechanism of peroxide decomposition. 
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Clean solid surfaces exposed to the atmosphere adsorb constituents of 
the atmosphere almost immediately. This adsorption alters the free 
surface energy of the solid and hence the wetting characteristics of the 
solid. The extent of alteration depends upon the constituent adsorbed 
and upon its concentration in the atmosphere. An alteration of the free 
surface energy of a solid is readily detected by measurement of the contact 
angle of a liquid upon the solid. 

We had observed that hydrophilic solids such as glass and quartz might 
give different contact angle measurements on different days. It seemed 
likely that the contact angle values were closely related to the degree' of 
humidity of the atmosphere. Subsequent study showed this to be true. 

In the present investigation, clean hydrophilic surfaces and clean organo- 
philic surfaces were treated with water vapor and with organic liquid 
vapors, respectively, so as to produce definite and controlled adsorption. 
Contact angle measurements were made with different liquids upon such 
surfaces. The method employed for measuring contact angles was the 
sessile-drop method. 

I. MEASUREMENT OF CONTACT ANGLES ON HYDROPHILIC SURFACES 

Apparatus 

In order to measure, by the sessile-drop method, both the advancing and 
the receding contact angles of a given system, an apparatus was designed 
with which liquid could be added to the drop or removed from the drop 
very slowly. The solid surface used was of Pyrex or quartz made in the 
form of a tip, S, which fitted a ground-glass joint (figure 1). The hori¬ 
zontal surface of this tip was polished optically plane, and a small capillary 
extended from the center of this surface down through the solid. The 
tip was mounted in a cell, C, which had parallel plate-glass windows and 
was sealed by a ground-glass joint, E. The liquid, of which the contact 
angle was to be measured, was contained in a reservoir, R. This could be 
raised or lowered so as to control the direction of flow of the liquid through 
the syphon tube, T. The rate of flow was controlled by the accurately 
ground stopcock, A; also, the flow of liquid could be stopped when desired. 
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Control of water vapor concentration 

The amount of adsorption of water on the solid surface was regulated by 
controlling the concentration of water vapor in contact with the solid. 
Solutions (or solid materials) capable of maintaining a constant aqueous 
tension were placed in the bottom of the cell C, and the system was kept 
in an air thermostat at 25®C. These materials were so placed in the cell 
that the surface of the tip was 2 or 3 cm. above the materials. The sub- 



Fiq. 1. Apparatus for the measurement of angles of contact in atmospheres 
of controlled vapor concentrations 

stances used to obtain the diiferent aqueous tension conditions are given 
in table 1. 

Method of making the measurements 

The solid was first treated with boiling benzene for 0.5 hr., was next 
heat-treated in a furnace at 425®C., and was then slowly cooled in the 
furnace to remove strains. When cool it was removed from the furnace 
and quickly placed in the cell C, where the solid surface was allowed to 
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come to equilibrium with the gas phase in the cell. One hour was found 
to be sufficient for the hydrophilic surfaces to reach sorption equilibrium 
in the system at 25®C. 

The organic liquid to be used was forced over through the syphon tube 
and allowed to form a drop on the surface of the solid. The rate of flow 
of the liquid was adjusted so that the drop grew very slowly (i.e., approxi¬ 
mately 5 min. were allowed for the drop to grow from a diameter of 1 mm. 
to 3 mm.). The contact angle formed with this advancing liquid-air 
interface against the solid will be referred to in this paper as the dynamic 
advancing angle. Photomicrographs of the drop were taken at intervals 
as the interface advanced. The direction of the flow of the liquid was 


TABLE 1 

Aqueous tension values of materials used in controlling the concentration of water vapor* 


NO. 

flUBfiTANCS 

WATBB VAPOR PRB8SURB 

AT 26*C. 

1 

P.06 

mm. of Hg 

0 (approximately) 

2 

Anhydrous CaClj 

0 (approximately) 

3 

Saturated solution of MgCU 

7.6 

4 

Saturated solution of Zn(N08)2 

9.6 

5 

Saturated solution of Ca(N08)2 

12.1 

6 

Saturated solution of NH 4 NO 1 

14.7 

7 

Saturated solution of NH 4 CI -f KNOa 

17.1 

8 

Saturated solution of (N 114)2804 

19.3 

9 

Saturated solution of KCl 

20.6 

10 1 

Saturated solution of BaCh 

21.5 


14% water solution of concentrated H 2 SO 4 

22.5 

12 ! 

Saturated solution of K 2 SO 4 

23.0 

13 

10% water solution of concentrated H 2 SO 4 

23.4 

14 

Double-distilled water 

23.8 


* These data were obtained from the International Critical Tables. 


then reversed and the interface was allowed to recede and the drop, having 
a dynamic receding angle, was photographed. The drop was made to 
grow again until the previously wet surface was entirely covered; then as 
the liquid advanced further, the dynamic advancing angle was again ob¬ 
served. The flow of liquid was then stopped and the system was allowed 
to stand. The drop now was observed to advance very slowly and in 0.5 
hr. it came to rest with the liquid forming a definite and reproducible 
contact angle, which in this paper is referred to as a ‘'static advancing 
angle'^ (meaning that it has been formed after the forced flow of liquid was 
stopped and after the liquid was allowed to advance under the influence 
of surface forces only until no further change occurred). This drop also 
was photographed. 
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In table 2 are given the data for the contact angles of acetylene tetra- 
bromide on Pyrex and quartz surfaces over the range of aqueous tension 
values. Figures 2 and 3 are curves drawn by plotting aqueous tension 
values against the values of the contact angles. 

Those dotted portions of the curves representing measurements at 
aqueous tension values higher than 23.8 mm. were obtained in the follow¬ 
ing manner; Double-distilled water was placed on the surface of the tip, 
which was then allowed to stand at 25°C. in the closed cell containing an 
atmosphere saturated with water vapor. The system was allowed to 


TABLE 2 

Contact angles of acetylene tetrabromide on Pyrex and on quartz in systems having 
controlled water vapor concentrations 


AQVXOUS TBNBION 
VALUB OF OAB PHABB 

AT 25*C. 

CONTACT ANOLBB ON PTHBX 

CONTACT ANQLBB ON QUABTB 

Oda* 

«*• 

9.0* 

Bda* 

edr* 

6.a* 

mm. of Hg 







0 

10“ 

0 

0 

10° 

6“ 

9“ 

7.6 

17“ 

0 

0 




9.5 

17“ 

0 

0 

19“ 

10“ 

15° 

12.1 

19“ 

0 

0 

23“ 

10“ 

18“ 

14.7 

21“ 

0 

5“ 

28“ 

13“ 

21“ 

17.1 

28“ 

0 

11“ 

30“ 

14“ 

24.5“ 

19.3 

36“ 

0 

14.5“ 




20.5 

36.5“ 

18“ 

18“ 

31“ 

18“ 

26“ 

21.5 

36“ 

18“ 

19“ 




22,5 

36“ 

25“ 

26.5“ 




23.0 

38“ 

25“ 

26“ 

37.5“ 

29° 

31“ 

23.4 

36.5“ 

28“ 

29“ 

38“ 

34“ 

36“ 

23.8 (saturation) 

38“ 

32“ 

36“ 

38“ 

34“ 

37“ 

(above saturation) 

38“ 

35“ 

36“ 

38“ 

34“ 

37“ 


* The meaniDgs of the symbols used in this paper are as follows: dda refers to a 
dynamic advancing angle; ddr refers to a dynamic receding angle; Ona refers to a 
“static advancing angle.'’ 


stand until the visible film of water had evaporated from the surface. 
In this condition the surface gave, with the organic liquid, a dynamic 
receding angle which was very nearly the same as the dynamic advancing 
angle, and was also nearly the same as the static advancing angle. 

Contact angles on Pyrex 

In the case of Pyrex, the dynamic advancing contact angles varied 
between fairly wide limits as the concentration of water vapor was varied 
between the zero value and the value represented by an aqueous tension 
of about 19 mm. A very decided change of the dynamic advancing angle 
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ACETYLENE TETRABROMIOE CONTACT ANGLES 

Fig. 2. The system Pyrex-air (water vapor)-acetylene tetrabromide 



Fig. 3. The system quartz-air (water vapor)-acetylene tetrabromide 
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occurred when the aqueous tension values were raised from 15 to 19 mm. 
With aqueous tension values of 19 mm. and higher, the magnitude of the 
dynamic advancing angle remained practically constant. This variation 
of contact angle with water vapor concentration would account to a large 
extent for the differences in contact angles observed when no attempt is 
made to control the partial pressure of water vapor (figure 2). 

The dynamic receding angles were not measurable (i.e., were zero) from 
zero concentration of water vapor to a concentration represented by an 
aqueous tension value of about 21 mm. Above this concentration of 
water vapor, the dynamic receding angle became greater in magnitude as 
the concentration of water vapor was increased. The dynamic receding 
angle values approached the dynamic advancing angle value at the satura¬ 
tion pressure of water vapor. 

In an atmosphere having an aqueous tension value below 15 mm., a 
drop of the organic liquid, allowed to stand for a half hour, spread com¬ 
pletely over the Pyrex surface, giving what is interpreted as a 0® static 
advancing angle. In atmospheres with aqueous tension values of 15 mm. 
or more, the static advancing angle values became larger as the concen¬ 
tration of water vapor was increased, and approached the value of the 
dynamic advancing angle at the saturation pressure of water vapor. 

Contact angles on quartz 

When quartz was used as the solid surfac(i, th(^ dynamic advancing 
angle of acetylene tetrabromide was found to have a value of 10° at zero 
concentration of water vapor. The angle was larger at higher aqueous 
tension values, until at 20.5 mm. it had a value of 31°. At a somewhat 
higher vapor pressure of water, the angle reached a value of 38°. At the 
saturation pressure of water vapor, the value of the dynamic advancing 
contact angle was not greater than 38° (figure 3). 

For a given vapor pressure of water, the static advancing angle was 
always less than the dynamic advancing angle. In a system saturated 
with water vapor, the static advancing angle did not differ from the dy¬ 
namic advancing angle by more than 1°. 

The dynamic receding contact angle of acetylene tetrabromide on quartz 
in a system dried with calcium chloride or phos[)horus pentoxide had a 
magnitude of 6°. This was somewhat surprising, since acetylene tetra¬ 
bromide did not give a measurable receding angle on Pyrex until the 
vapor pressure of water had reached a value of 20.5 mm. 

Thickness or completeness of water film dependent on aqueous tension 

Such investigators as McHaffie and Lenher (9), Frazer (6), Lenher (8), 
and d'Huart (5) have shown that quartz and glasses adsorb increasing 
amounts of water as the aqueous tension values become greater. It is 
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believed by them that the solid adsorbs the water vapor as a film whose 
thickness is governed by the concentration of water vapor in the gas phase 
(at constant temperature). These workers differ in their conclusions 
as to the number of molecular layers in the films, but they all state that the 
film must be multimolecular in thickness at high humidities. Findings 
of these investigators, together with our data on the contact angle values, 
indicate quite conclusively that the magnitude of the contact angle depends 
upon the completeness and thickness of the adsorbed film of water 
molecules. 

Measurements on hydrophilic surfaces other than Pyrex or quartz 

Surface properties of several insoluble hydrophilic minerals were next 
investigated. These crystalline minerals were freshly cleaved and placed 
in a cell containing an atmosphere saturated with water vapor at 25®C. 

TABLE 3 


Contact angles of acetylene tetrahromide and alpha-bromonaphthalene on solids in 
systems saturated with water vapor {at 


SOUD 

STATIC ADTANaNQ CONTACT ANOLM 

Acetylene 

tetrabromide 

Alpha-bromo> 

naphthalene 

Pyrex. . 

36® 

36® 

Quartz. 

37® 

36® 

Gypsum. 

37.6® 

37® 

Mica. .... 

39® 

36.6® 

Fluorite. . 

37.6® 

37® 

Celestite. . 

88® 

36.3® 


The system was allowed to stand so that the solid surface could come to 
sorption equilibrium with the gas phase. Drops of organic liquids were 
placed on the solid by means of a freshly drawn glass pipet. The height 
and diameter of the drops were measured with a microscope, and the con¬ 
tact angles were calculated by means of the formula 

tan i = 2h/d 

Table 3 gives the results obtained using acetylene tetrabromide and 
alpha-bromonaphthalene drops on the surfaces exposed to an atmosphere 
saturated with water vapor at 26®C. The drops were placed by pipet 
rather than by the more complicated S 3 nphon system, since the experi¬ 
ments on glass and quartz had shown that in atmospheres saturated with 
water vapor the advancing and receding angles had practically the same 
value, hence the method of placing the drop made little difference. 
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Adsorbed film masks the adhesive forces of the solid 

The data in table 3 show that acetylene tetrabromide on each of the 
hydrophilic solids gave a contact angle which in each case was the same, 
within experimental error, and had an average value of 37.5®. Alpha- 
bromonaphthalene also gave contact angles on the different solids which 
were of the same value for the different solids, namely, about 36° (the 
values were practically the same as those obtained with acetylene tetra¬ 
bromide). Since these solids have different wetting characteristics in the 
dry condition, the fact that the contact angles on the different film- 
covered solids were the same for a given liquid shows that the surface of 
each solid had been altered so that each had the same wetting properties. 
At high humidities, the hydrophilic solids must sorb a film of water which 
is thick enough to mask the adhesive forces of the underlying solid and to 
give surfaces having energy values peculiar only to an adsorbed film of 
oriented water molecules. If the apparent surface energy of the solid is 
due entirely to the water film or layer, this film must be continuous even 
under the drop of the organic liquid. During the period of the experi¬ 
ment, apparently no stripping of the water film occurred. 

Persistence of the water film 

That adsorbed w^ater is strongly held by a hydrophilic surface has been 
demonstrated repeatedly by experiments showing the high temperatures 
necessary to remove all of the adsorbed water from glass and quartz 
surfaces. Bunsen (4) found that glass must be heated to about 500°C. 
before it will give up all of its sorbed water. Langmuir (7) found that 
when glass was heated as high as 450°C., 22 cc. of water vapor was given 
off per 10,000 sq. cm. of surface. Bartell and Wooley (3) found that by 
heating Pyrex and quartz to 425°C. for 1 hr., these solids were made less 
hydrophilic and attained a condition such that further heating did not 
affect their wetting characteristics. This heat treatment probably caused 
the removal of water which had been sorbed by the Pyrex or quartz, and 
so made them less hydrophilic. 

In the present investigation experiments were made to determine 
whether such a drying agent as phosphorus pentoxide could remove the 
adsorbed water from Pyrex and quartz at room temperature. Pyrex 
and quartz surfaces were allowed to stand for 1 hr, in air saturated with 
water vapor at 25°C. These surfaces were then placed in a closed cell 
containing air dried with fresh phosphorus pentoxide and allowed to stand 
24 hr. At the end of this time, the dynamic advancing angles of acety¬ 
lene tetrabromide on these surfaces were measured. The values of these 
angles were about 20°. As has been reported in this paper, Pyrex and 
quartz surfaces which have not been exposed to water vapor have dynamic 
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advancing contact angles with acetylene tetrabromide of 10°, while the 
presence of adsorbed water on the Pyrex and quartz surfaces causes the 
dynamic advancing angle of acetylene tetrabromide to have values higher 
than 10°. It appears, therefore, since the measured angle was greater 



Fig. 4. Coating apparatus 


than 10°, that adsorbed water must have been left on the Pyrex and quartz 
surfaces even after the surfaces stood over fresh phosphorus pentoxide. 

II. MEASUREMENT OP CONTACT ANGLES ON ORGANOPHILIC SURFACES 

In the investigation of the wetting characteristics of organophilic solids 
upon which films of organic liquids had been adsorbed, the contact angles 
of water drops upon such solids were measured. Crystals of organophilic 
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solids were cleaved and an attempt was made to drill a small capillary 
from the bottom of the crystal to the smooth top surface. Such drilling 
was not successful, because the surface immediately around the hole was 
roughened in the process, and the roughened surface did not permit of 
uniform spreading of the water drop. Pyrex or quartz tips (figure 1 ) 
coated with organophilic solids by sublimation in a high vacuum were 
therefore used. 


T'he coating process 

Th(' coating apparatus (figure 4) was similar to that described by Bar- 
tell and Hatch (2). The heating coil, made of No. 26 gauge tungsten wire, 
was in the shape of a cone with the apex pointing downward. Small 
crystals of the solid to be sublimed were placed in this coil. Since many 
of th(‘.sc substances broke up into finer particles when heated, the surfaces 
to b(^ coated were h(‘ld in j)osition at the side of th(^ coil (see figure 4 ). 
This m(‘thod of coating gave a smooth, mirror-like surface, free from 
roughness such as would have been caused by falling particles of solid. 

Preliminary to coating, the tips were placed in the coating chamber and 
the system was e\'acuat('d. When the pressure had been reduced to 10 "^ 
mm. of mercury, the curnuit was started through the tungsten heating 
coil. Just enough heat was used to vaporize the mineral slowly. If the 
vaporization was too rapid, most minerals did not give smooth shiny 
coatings. It was also found that if the surface to be coated was allowed 
to become too hot, owing to heat radiated from the coil, a spongy deposit 
was formed. For this reason the walls of the coating chamber were cooled 
with ice water during the coating process. It was found to be unneces¬ 
sary to flush out the apparatus with nitrogen b(4ore evacuation to 10 ® 
mm. of mercury, since surfaces formed after such precaution was taken 
had the same wetting characteristics as the others. 

Solids used 

The organophilic solids upon which measurements were made included 
galena (PbS), cinnabar (HgS), sphalerite (ZnS), antimony metal, and 
stibnih^ ( 81 ) 283 ). Measurements were also made on surfa(*es of stibnite 
which had been alttu'ed by oxidation. 

The unoxidized stibnite surface was designated as ‘tstibnite 1 ”. Some 
“stibnite I” samples were heated in air at different temperatures and for 
different lengths of time, and gave surfaces indicated as follows: 

“Stibnite 2 '': “stibnite 1 ” heated at 180°C. for 3 hr. 

“Stibnite 3’^ “stibnite F’ heated at 200 °C. for 3 hr. 

“Stibnite 4 '': “stibnite T' heated at 220°C. for 2 hr. 

Considerable difficulty was encountered in oxidizing the stibnite coat¬ 
ings simply by heating in air. No appreciable oxidation occurred until 
the temperature was over 210 °C., and it was found that if the tempera- 
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ture was allowed to rise above this point, the stibnite coating usually 
would loosen from the glass tip. In order to effect oxidation at a lower 
temperature, a little nitrogen dioxide gas was introduced with air into the 
furnace tube where the tip was being heated. After a few minutes, this 
nitrogen dioxide was blown out of the furnace tube by a stream of air, 
and the heating was then continued in air. The presence of the small 
amount of nitrogen dioxide caused the oxidation to begin at a lower 
temperature, but the oxidation progressed too rapidly if nitrogen dioxide 
was allowed to remain in the furnace tube after the first few minutes. 
After the stibnite surface had become slightly oxidized, further oxidation 
would occur slowly in pure air even at a comparatively low temperature. 
Using this method, other oxidized stibnite coatings were prepared from 
‘^stibnite 1” and are indicated as follows: 

‘^Stibnite 5”: “stibnite 1” heated in nitrogen dioxide and air 
at 180®C. for 5 min., then heated in air at 205®C. 
for 2 hr. 

“Stibnite 6^^: “stibnite 1'^ heated in nitrogen dioxide and air 
at 180°C. for 15 min., then heated in air at 210®C. 
for 3 hr. 

“Stibnite 7*': “stibnite 1” heated in nitrogen dioxide and air at 
180®C. for 10 min., then heated in air at 180®C. 
for 2 hr. 

The original “stibnite V* mirrors were brown in color. The oxidized 
stibnite surfaces were a silvery gray. The galena mirrors were gray, 
a little darker than a silver mirror. The cinnabar films were pale yellow 
and transparent. The antimony mirrors had a bright silvery appearance. 
The sphalerite films were colorless and transparent; when they were 
peeled off the glass, they looked like little sheets of mica. 

Measurement of the water contact angles 

A tip with its coating was placed in the holder B (figure 1) and put in 
position in the cell C. After the tip came to constant temperature at 
25°C., water was forced over onto the surface from the reservoir R. The 
water drop was formed and allowed to stand, and the static advancing 
angle was photographed. The liquid-air interface did not advance after 
the water supply was shut oflF. Thus it appeared that the static ad¬ 
vancing angle was the same as the dynamic advancing angle. Photo¬ 
graphs were also taken of receding drops provided a measurable receding 
angle was formed. Data obtained from water contact angle measure¬ 
ments on the pure organophilic surfaces are given in columns 2 and 3 
of table 4. These data show that sphalerite, galena, cinnabar, and anti¬ 
mony metal surfaces have quite different wetting characteristics, and that 
the wetting characteristics of the stibnite mirror surfaces may be changed 
by oxidation treatments. 
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Formation of films on organophilic solids 

When the surface S (figure 1) is coated with an organophilic solid and 
is then placed in the cell C, containing a small amount of organic; liquid 
at 50~80°C., and allowed to cool, organic vapors will be sorbed by the 
solid and will form a complete film on the organophilic surface. If a 
suitable length of time is allowed for the visible layer of condcuised or¬ 
ganic liquid to evaporate from the solid, a uniform adsorfjed film will be 
left on the surface. 


TABLE 4 


Contact angles of water on pure organophilic surfaces and on organophilic surfaces 
covered mih organic liquid films 


80LID 

FURS SUKFACa 

ACETYLENK 

TETRABROIIIDK 

FILMS 

ALPHA-BROMO- 

NAPHTHALEME 

FILMS 

DECALIN 

FILMS 

e,a 

Bdr 

Bta 

Bdr 


Bdr 

Baa 

Bdr 

Stibnite 1. 

80° 

0° 

75° 

40° 

80° 

32° 

90° 

27° 

Stibnite 2. 

79° 

0° 







Stibnite 3 . 

75° 

0° 







Stibnite 4 . 

64° 

0° 







Stibnite 5 . 

70° 

0° 

o 

00 

43° 





Stibnite 6. . 

55° 

0° 

75° 

40° 





Stibnite 7. . 

39° 

0° 

61° 

0° 





Galena 

88° 

0° 

77° 

75° 

79° 

1 55° 

94° 

84° 

Cinnabar ... 

113° 

47° 

75° 

67° 

78° 

i 54° 

92° 

56° 

Sphalerite. 

46° 

0° 

54° 

0° 


1 



Antimony metal 

55° 

0° 




1 

1 




Persistence of films on organophilic surfaces 

Eixperiments were made to determine the relative degrees of adsorption 
of different types of organic liquids on the different organophilic solids. 
It was found that liquids with a strong permanent dipole, such as acetylene 
tetrabromide and alpha-bromonaphthalene, could not be removed by 
unaided evaporation at 25®C. in an atmosphere free* from vapors of the 
adsorbate. But when non-polar or but slightly polar liquids, such as 
decalin, n-octane, or mesitylene, were used as the adsorbate, the film of 
organic liquid disappeared within about a half-hour. 

Measurement of water contact angles on adsorbed films of organic liquids on 

organophilic surfaces 

After the organic liquid vapors in the cell had come to sorption equilib¬ 
rium with the organophilic solid on the surface S, a water drop was caused 
to form on the solid surface. As in the previous experiments, the drops 
were photographed as the liquid advanced, remained fixed, or receded. 
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Columns 4 and 5 of table 4 give the results obtained with water drops on 
acetylene tetrabromide films adsorbed on the different organophilic 
solids. These data show that the static advancing angles of water on 
acetylene tetrabromide films on coatings of the stibnites, galena, and 
cinnabar all have angles between 75° and 78°. The surfaces which failed 
to give an advancing angle of this magnitude were films of acetylene 
tetrabromide on those solids which, in the absence of organic vapors 
(i.e., in the pure state), gave static advancing angles with water of less 
than 40° to 50°. Such solids were '^stibnite and sphalerite. When 
these solids were covered with an adsorbed film of acetylene tetrabromide, 
the water static advancing angles were much lower than the 75° to 78° 
value which was common to the other solids. A notable fact was that 
the water dynamic receding angles on these film-covered surface's wen' 
0 °, or the same as the water dynamic receding angles on the pure “stib- 
nite 7’^ and sphalerite. This indicates that the sorbed organic liquid 
film was removed from these solids by the advancing water interface. 
On those solids from which water did not remove th(‘ acetylerui tc'tra- 
bromide film, the film apparently masked the wetting characteristics of 
the underlying solid and the advancing contact angk' measurement was a 
measurement of the wetting characteristics of the acetylene tetrabromide 
film. 

Columns 6 and 7 and columns 8 and 9 of table 4 give the results obtained 
from water contact angle measurements on adsorbed films of alpha- 
bromonaphthalene and decalin on different organophilic surfaces. Alpha- 
bromonaphthalene films on ‘^stibnite galena, and cinnabar gave sur¬ 
faces on which water has a static advancing contact angle of about 79°. 
The dynamic receding angles were 30° to 60°. Adsorbed films of the non¬ 
polar liquids decalin, mesitylene, and n-octane were also formed on the 
above three solids, but decalin was the only one which gave a surface on 
which a stable advancing water angle formed. Water on the decalin 
films on the three solids gave an advancing contact angle of about 92°. 
With the three solids both alpha-bromonaphthalene and decalin films 
appear to have masked the underlying solid so completely that the ad¬ 
vancing water angles are a measure of the wetting properties of the films 
rather than of the solids. 

Measurements of water contact angles on the organic liquid films on 
the ‘^stibnite 1,” galena, and cinnabar surfaces were repeated using new 
tips with new deposited mirrors, and it was found that the advancing 
angles gave good checks. The receding water angles varied between 
fairly wide limits, however, and gave values anywhere between 30° and 
the advancing angle value. The probable cause for the differences ob¬ 
served in the receding angle values was difference in the thickness or the 
completeness of the adsorbed films of organic liquid in the different ex 
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periments. If it had been possible to control the thickness of the films 
of organic liquids adsorbed on the organophilic solids, as it was possible 
to control the thickness of the adsorbed water film of the hydrophilic 
solid, the receding angles probably would have given better agreement. 

Surface tension of adsorbed films 

The surface tension of adsorbed water or organic liquid films can be 
calculated, using the well-known Young equation (10), if it be assumed 
that the intc^rfacial tension existing between the liquid drop used and the 
liquid film under it is the same as the interfacial tension, > 823 , between the 
two liciuids in bulk (admittedly, such an assumption is questionable). 
If the surface tension of th(^ water film is designated as > 83 , and the surface 



Fig. 5. Drop of organic liquid on surface covered with waiter 



Fig. 6. Drop of water on surface covered with organic liquid 


tension of the orRanic film tus /Sj, the followiiiR ('(juations can he s(>( up 
(/S 3 = surface tension of water; Si = surface tension of orRanic liquid): 

= Si 3 + Si cos e,a (see figure 5) (1) 

= Ss 3 + -Ss cos e,a (sec figure 6 ) ( 2 ) 

Since Sa, Si, and S 3 are all known, Si and S 3 can be calculated by using 
the cosines of the appropriate static advancing angles. 

Using the acetylene tetrabromide or alpha-bromonaphthalene values 
of 9 ,a in saturated water vapor from table 2 , S 3 is calculated to be about 
77 dynes. This is the same value as that indicated by the empirical 
equations of Bartcll and Bartell (10) to be the value of the .surface ten¬ 
sion of a complete film of oriented water molecules. 
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If the value of 77 dynes is correct it can be seen from equation 1 that 
only those organic liquids whose Sm + St values are greater than 77 dynes 
will give measurable angles on water films. Table 5 gives a list of 8 % 
and ^28 values for six liquids. Carbon disulfide is the only liquid in this 
group which gave a measurable angle on the water film, and is the only 
liquid of this group whose (82 + ^ 28 ) value is greater than 77 d 3 rnes. 
The other liquids spread completely over the surfaces. Only mutually 
insoluble liquids can be used for such tests. Liquids which show any 
appreciable solubility in water give anomalous results. 

TABLE 5 


Sa and Su values for six liquids 


OBGANIC LIQUID 

St 

3n 

(St + Su) 

Benzene. . 

28.2 

34.8 

63.0 

Toluene. . . 

27.9 

35.9 1 

63.8 

Nitrobenzene . 

43.3 

25.3 

68.6 

n-Octane 

21.3 

50.6 

71.9 

Carbon tetrachloride 

26.2 

44.5 

70.7 

Carbon disulfide 

31.6 

48.1 

79.7 


TABLE 6 


Calculated values of surface tensions of adsorbed organic liquid films {Si 7$) 


UQUID 

8n 

»$a 

S's 

St 

Acetylene tetrabromide 

38.3* 

76** 

55.7 

49.1* 

Alpha-bromonaphthalene. 

41.6* 

79* 

55.3 

44.0* 

Decalin. . 

34.2 

92* 

31.8 

31.6 


* These values were taken from the International Critical Tables. 


From equation 2 the surface tension of some organic liquid films can be 
calculated if the cosines of the appropriate values of d,a from table 4 are 
used. Table 6 gives the calculated values of the surface tension of some 
adsorbed organic liquid films. 

The polar liquids acetylene tetrabromide and alpha-bromonaphthalene 
give calculated values of 82 considerably higher than the corresponding 
values of 82 for the liquids in question, as was the case for the polar water 
film. The non-polar liquid decalin gives a value for surface tension of 
the liquid film practically the same as the surface tension of the liquid 
itself. 


SUMMARY 

Using dynamic advancing and receding contact angles, as well as static 
advancing contact angles, as measures of the wetting properties of solid 
surfaces, it has been shown that hydrophilic solids in atmospheres of high 
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humidity, and extremely organophilic solids in atmospheres saturated 
with organic liquid vapors, adsorb films upon their surfaces sufficiently 
thick to mask the original surface properties. Less organophilic solids 
adsorb organic films, but these films may be stripped away by water 
advancing upon the surface. 

The values of the surface tensions of some films adsorbed upon some 
solids have been calculated. In order to make the calculation, one as¬ 
sumption had to be made: namely, that the interfacial tension between 
a liquid drop placed upon a film is the same as the interfacial tension be¬ 
tween the two liquids in bulk. The calculations indicate that the surface 
tensions of films of polar liquids are higher than the surface tensions of 
the polar liquids, but that the surface tensions of films of non-polar liquids 
are the same as the surface tensions of the non-polar liquids. 
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I. Introduction 

THERMODYNAMIC AND KINETIC METHODS IN THE THEORY OF 
LIQUID-LIQUID JUNCTIONS 

The problem of liquid-liquid junctions, like many problems in physical 
chemistry, has been attacked theoretically by both thermodynamic and 
kinetic methods. The thermodynamic method was first applied to this 
problem by Helmholtz (11) and has been further developed chiefly by 
Nemst (20), Henderson (13), Lewis and Randall (18), Taylor (23), and 
Guggenheim (4, 5, 6, 9). The kinetic method was originated by Nernst 
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(19) and Planck (21), and has been further developed chiefly by Johnson 
(14) and Pleijel (22). The present paper is concerned with the thermo¬ 
dynamic method alone. 

POUR DEFECTS OF THE EXISTING THERMODYNAMIC THEORY 

The existing thermodynamic theory of cells with liquid-liquid junctions 
appears to us to be defective or incomplete in a number of respects, of which 
we emphasize the following four; 

(i) Artificiality in manner of neglecting diffusion. In any thermodynamic 
theory of cells with liquid-liquid junctions it is necessary at some point 
in the argument and in some manner to disregard ehanges of state due to 
diffusion. The above-mentioned authors of the existing theory have all 
done this by treating the solution in the cell as if it were ‘^frozen,i.e., as if 
diffusion were not taking place at all, so that, when an infinitesimal electric 
current is passed through the cell, the only change of state is the change in 
composition due to transport of components by the current. Actually, 
however, since rate of diffusion is in general finite, the change in composi¬ 
tion at any point of the solution, due to an infinitesimal current flowing 
during any time interval, must itself be infinitesimal compared with the 
change due to spontaneous diffusion during the same time interval. In 
view of this fact the existing treatment of the solution as ^^frozen'^ is evi¬ 
dently highly artificial. 

(ii) Incomplete definition of transport numbers. In order to calculate 
the change of composition caused by an infinitesimal current, transport 
numbers (or mobilities) must be introduced. Transport numbers, how¬ 
ever, have been defined hitherto only for the special case of uniform 
solutions not subject to diffusion in the absence of a current. The unquali¬ 
fied extension of the transport number concept thus defined to the diffusing 
solutions constituting liquid-liquid junctions is clearly an error in logic. 
This error has moreover caused some confusion, as an example of which we 
cite the attitude of P. B. Taylor (23), who maintains that the equations 
for the E.M.P., in order to be exact, must include terms for the transport of 
solvent, but fails to explain why transport numbers calculated from 
experimental e.m.f.'s are generally in perfect agreement (within experi¬ 
mental error) with the Hittorf numbers obtained from migration experi¬ 
ments under the convention that the transport number of the solvent is 
zero. 

Of the other thermodynamic authors referred to above (11, 20, 13, 18, 
4, 5, 6, 9), all but Helmholtz (11) have simply ignored the entire question, 
no doubt because they have been guided by the intuition (which we prove 
below to be correct) that the use of the Hittorf numbers is valid; in this 
they have of course been supported by the experimental findings. Helm¬ 
holtz studied the case of a single electrolyte in a non-electrolyte solvent and 
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indicated plainly that the Hittorf numbers are sufficient for an exact 
theory in this particularly simple case; however, he left untouched the 
question as to whether the Hittorf numbers are necessary for an exact 
theory (we prove below that they are not necessary) and as to what the 
situation is when two or more electrolytes are present. 

(m) Restriction to cylindrical symmetry. Hitherto all treatments 
except that of Helmholtz (11) have been limited to the special case of 
junctions with cylindrical symmetry, i.e., junctions in which all concen¬ 
tration gradients are parallel to a fixed straight line (cf. 5). The treatment 
of Helmholtz, however, besides being restricted to the case of a single 
electrolyte, is based upon a special method whose extension to systems of 
more complex composition is not obvious; this method consists in cal¬ 
culating the transport of solvent just necessary to keep the composition of 
the solution at each point unchanged when current flows through the cell. 
It is therefore clear that the laws for arbitrary junctions of any composition 
are as yet unknown. 

{iv) Obscurity of the relation to gravity cells. The relation of cells with 
liquid-liquid junctions to gravity cells of the types studied by Des Coudres 
(1) and Tolman (24) is obscure. That a relation must exist is evident from 
the facts that (a) gravity cells, like cells with liquid-liquid junctions, are 
subject to diffusion (“sedimentation’^) and (b) transport numbers can be 
calculated from the e.m.f.’s of gravity cells as well as from the e.m.f.’s of 
cells with liquid-liquid junctions. 

OBJECTS AND PLAN OF THE PRESENT PAPER 

Corresponding to the above-mentioned defects of the existing thermo¬ 
dynamic theory are the four chief objects of the present paper; (i) to 
show that it is possible to neglect the effects of diffusion in a manner less 
artificial than in the existing theory; (n) to extend the definition of 
transport number so as to include solutions subject to diffusion, and thus to 
clarify the relationship between migration experiments and cells with 
liquid-liquid junctions; (Hi) to discover what thermodynamic laws 
hold if the restriction to cylindrical symmetry is abandoned; (iv) to 
prepare the way for a unified theory of cells with liquid-liquid junctions 
and gravity cells.^ 

In order to achieve these objects we propose: (i) to state the assumptions 
and definitions underlying the thermodynamic theory of cells with liquid- 
liquid junctions as exactly as possible and in a form general enough to take 
into account arbitrary gradients of concentration and of gravitational* 
potential; {ii) to deduce from these assumptions and definitions a certain 

^ The detailed theory of gravity cells from the point of view of this paper has been 
worked out in collaboration with Dr. S. W. Grinnell and will be reported in a later 
paper. 
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general theorem concerning liquid-liquid junctions; and (m) to deduce 
with the help of this theorem the thermodynamic laws of cells with liquid- 
liquid junctions. 

Among the assumptions needed we shall find one which is of more special 
importance for the problem in hand than all the others. *For reasons 
apparent below we suggest that this outstanding assumption be known as 
the assumption of quasi-reversihle conduction, or, abbreviated, as the grc. 
assumption. The other assumptions we shall refer to as auxiliary assump¬ 
tions. We furthermore suggest that the theorem to be deduced be known 
as the condition for quasi-reversible conduction or the qrc. condition. 

II. Assumptions and Definitions 

DEFINITION 1. DESCRIPTION OP THE SYSTEM TO BE STUDIED; 

. CONFIGURATION OP THE SYSTEM 

We shall consider a system made up of two electrodes in contact with 
an electrically conducting solution which is liquid and non-metallic. Each 
of these electrodes may consist either of a single metallic phase or of a 
set of contiguous phases, at least one of which is metallic, e.g., Ag 1 AgCl. 
We denote the entire set of phases constituting one of these electrodes by a, 
that constituting the other electrode by a', the layer of solution immedi¬ 
ately contiguous to a by /S, and the layer of solution immediately contiguous 
to a' by )9'. We shall of course assume electrodes and solution to consist 
of mutually insoluble materials, so that no matter can enter or leave the 
solution at the electrodes save by flow of current. We shall also assume 
that no matter ever enters the solution save at the electrodes. The solu¬ 
tion we shall assume to be subject to diffusion under gradients of concen¬ 
tration and of gravitational potential, and we shall allow these gradients, 
together with the volume and shape of the solution, to be arbitrary, 
except for the following restrictions: (f) The solution is at each instant 
in hydrostatic and thermal equilibrium (see definition 3 below), and the 
temperature of the solution and the electrodes is at all times constant. 
(ii) At each instant all points of the layer of solution p are in the same 
electrochemical state (see definition 4 below) and likewise are all points 
of the layer P'. (Hi) The layers of solution and /3' are at each instant 
in electrochemical equilibrium (see definition 5 below) with their respective 
electrodes a and a', (iv) The electrodes a, a' are so arranged that any 
volume changes undergone by any of their various phases take place (a) 
reversibly, (b) only in directions parallel to the equipotential surfaces of 
the gravitational field, and (c) in such a manner that volume, shape, and 
position of the solution are unaffected. The reasons for these restrictions 
will appear later. 

By the configuration of the system we shall mean the volume, shape, and 
position—i.e,, the complete geometrical description—of the solution and 
the electrodes. 
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DEFINITION 2. COMPONENTS 

We shall classify the components of the system described above as 
charged components and neutral components, respectively. The charged 
components are regarded as arising from the dissociation of electrolyte 
components. A detailed account of this classification has been given by 
the author elsewhere (15); here it suffices to recall that in general the 
number of charged components in a system is one greater than the number 
of electrolyte components. We shall refer to electrolyte components by 
the symbol cZ, to neutral components by the s 3 mibol nZ, to charged and 
neutral components indiscriminately by the s 3 rmbol i, 

AUXILIARY ASSUMPTION 1. SUBPHASES AND GIBBSIAN EQUATIONS 

We shall assume that the system described above behaves as if made 
up of infinitesimal electrically neutral regions—to be called subphases— 
each of which is at each instant subject to the fundamental thermo¬ 
dynamic equations of Gibbsian type obeyed by electrically conducting 
systems in complete equilibrium in an external gravitational field. Of 
these Gibbsian equations, which have been deduced elsewhere by the 
author (16), we shall here use only that for the Helmholtz free energy A; 
this equation may be written in the form: 

d(3A) = -8SdT - PdiSV) + SMdv> + E M. diSm) (1) 

i' 

Here 8 denotes entropy, T temperature, P pressure, V volume, M mass, 
<p gravitational potential, the potential (total potential) per mole of 
component i, and n, a number of moles of i. The symbol d refers to an 
infinitesimal change in the valm of the quantity following it, and the symbol 
5 to the infinitesimal value, for the subphase, of the (extensive) variable 
following it. The assumption of the electroneutrality of the subphases 
means that the quantities dUi in equation 1 are subject to the restriction 

E ‘iSni = 0 (2) 

i 

where 

I the valence, with regard to sign, of the component i if it is charged 

(3) 

zero, if the component i is neutral 

Division of equation 2 by dV jdelds the electroneutrality condition in a 
form needed later: namely, 

^z*Ci - 0 
% 

where c< is the concentration of i in moles per unit volume. 


( 4 ) 
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DEFINITION 3. HYDROSTATIC AND THERMAL EQUILIBRIUM 

For fluids in complete equilibrium the conditions for hydrostatic equi¬ 
librium in a gravitational field and for thermal equilibrium are, respec¬ 
tively, 

grad P + p grad ^ = 0 (5) 

grad P = 0 (6) 

where p denotes density. For a fluid undergoing diffusion and therefore 
not in complete equilibrium, we accordingly define hydrostatic and thermal 
equilibrium by equations 5 and 6. The physical meaning of these equa¬ 
tions is then as follows: Equation 5 requires that in spite of the irreversible 
processes, bulk movement is reversible, i.e., such that at each instant the 
hydrostatic force on a subphase balances the gravitational force; equation 6 
requires that in spite of the irreversible processes, flow of heat is reversible, 
i.e., isothermal. 

DEFINITION 4. ELECTROCHEMICAL STATE AND CHEMICAL STATE 

The electrochemical state of a subphase we shall regard as defined by 
the set of variables 


Tjipffii (7) 

or any set sufficient to fix the set 7. The chemical state of a subphase 
we shall regard as defined by the set of variables 

Ty (f, fitly fint ( 8 ) 

or any set suflScient to fix the set 8. The concepts involved in these defini¬ 
tions have been explained by E. A. Guggenheim (4, 7, 8) and by E. Lange 
and K. P. Miscenko (17). 

AUXILIARY ASSUMPTION 2. CHEMICAL STATE DETERMINED BY 
ELECTROCHEMICAL STATE 

In a system in complete equilibrium the potentials, fieiy of the electrolyte 
components are determined by the potentials of the charged components 
through equilibrium conditions, and therefore the chemical state is deter¬ 
mined by the electrochemical state. The converse of this is of course not 
true, simply because the number of variables in the set 7 is one greater 
than that in the set 8. We shall assume that in each subphase of the 
diffusing solution here considered, the chemical state is at each instant 
fixed by the electrochemical state through equilibrium between the charged 
and the electrolyte components. 
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DEFINITION 5. NOTATION FOR ELECTRODE PROCESS AND 
ELECTROCHEMICAL EQUILIBRIUM 

For the purposes in hand we need to describe electrode processes in a 
form somewhat out of the ordinary. We classify the components partici¬ 
pating in the electrode process at any electrode, say a, into {%) the electron, 
EF, which is added to or removed from the metals in a by the process; 
(n) the other components added to or removed from any of the phases 
of a by the process; (m) the components, charged and neutral, added to 
or removed from the contiguous layer of solution by the process. We 
denote the chemical formula of any of the components ii by Xg, and of 
any of the components in by Xr, and write the chemical equation for the 
electrode process in the form 

[L PrXrY = [Z V.XJ" + [EIT (9) 

r g 

where v,, Pr are stochiometric coefficients of proper sign and the meaning 
of the superscripts a and jS is obvious. If the positive current passes from 
a to /3, the process proceeds from left to right and vice versa. Since the 
electric charge entering or leaving through a is equivalent to the charge 
carried by the electrons produced or consumed in a, the coefficients Pr are 
subject to the condition 

Z ZrVr = -1 ( 10 ) 

r 

It is furthermore evident that the terms [2^ in equation 9 represent 

the net amounts of all electrolyte components and neutral components gained 
by a when one faraday of positive electricity passes from a to j8 (or lost 
by a when one faraday of positive electricity passes from to a). We 
may illustrate these principles by writing equation 9 for the particular 
cawse of the electrode Hg [ HgO in contact with a basic aqueous solution: 

OH~ - iH20 = iHgO - iHg + EF (11) 

If the electrode process is reversible, the electrode a is in electrochemical 
equilibrium with the solution and equation 9 permits us to write the 
equilibrium condition in the form 

X = 53 + MEI" 

r q 

For the electrode a of the system postulated by definition 1 above we 
shall accordingly have equations 9, 10, 12, and for the electrode a' the 
analogous equations 

[Z »r-Xr>f “ [23 + [Eri“' 

r> a* 


( 13 ) 
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^Zt'Vt' = — 1 (14) 

r' 

2 Vr’ixi’ - £ V#i“/ + /lEl- (15) 

r' q* 

where the components Xr> are in general not the same as X<„ Xr. 

DEFINITION 6. FLOW VECTORS AND CURRENT VECTOR 

To each of the charged and neutral components of the diffusing solution 
here considered we assign a flow vector, whose direction at any point 
is the direction of the flow of the component at that point, and whose 
magnitude is given by the number of moles of the component crossing a 
fixed infinitesimal plane normal to the direction of the flow, per unit area 
and per second. We also assign to each point of the solution a current 
vector /, whose direction is that of the positive electric current and whose 
magnitude is given by the number of faradays of electricity crossing an 
infinitesimal plane normal to the direction of the current, per unit area 
and per second. From the fact that the electric current results from the 
flow of charged components, it is readily shown that 

(16) 

t 

The values of and I for any case in which the current between the 
electrodes a and a is zero, we shall denote by and respec¬ 

tively, to indicate that the movement of the components is due to sponta¬ 
neous diffusion alone. It is worth recalling that although = 0 in 

certain simple spontaneously diffusing solutions, as for instance those with 
cylindrical symmetry, it is not true that = 0 in general. Thus in 

the ring-shaped solution with three liquid-liquid junctions, which has been 
studied by Dolezalek and Kruger (2), diffusion proceeds in such a way 
that there is an electric current around the ring. 

THE ASSUMPTION OF QUASI-REVERSIBLE CONDUCTION 

(qrc. assumption) 

In the system postulated by definition 1 let the electric current between 
the electrodes a and a' be zero, and let diffusion proceed spontaneously, 
keeping volume, shape, and position of the solution constant. Owing to 
the continual change of composition at each point of the solution, there 
will be a continual change of pressure at each point of the system, and this 
will in turn produce a continual change in the volumes of the electrodes a 
and a', which volume change, according to restriction iv of definition 1, 
will take place reversibly and parallel to the gravitational equipotentials. 
At each instant the system is in a definite state characterized by {%) a 
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definite configuration, {ii) definite values of the variables 7 and therefore 
a definite electrochemical state at each point, (m) definite values of the 
variables 8 and therefore a definite chemical state at each point, and {iv) 
definite values of the vectors and I at each point. We select the system 
at an arbitrary instant, and let denote its state at this instant, 

as characterized by z, zz, zzz, and iv. We then consider th(i course of 
events during the infinitesimal time interval d^, following the instant at 
which the system is in During d^ there occurs a change in the 

Helmholtz free energy. A, of the system, which we denote by 
Since electrodes and solution are both changing, we may write 

j^spont _ j^a.spant ^ j^^a'.Hpont j^fion.spont 

where the superscript ‘‘soln^^ indicates solution. During d^, furthermore, 
the surroundings do a (luantity of work upon the system because of tin* 
volume changes of the ele(^trodes; let denote this quantity of work. 

Since the volume changes are reversible we have 

^ - [X;^d(5F)](18) 

where the two summations are extended over all the subphases of a and 
a', respectively. 

Now we consider the system when a steady infinitesimal electric current 
is flowing through the solution from a to a while at the same time spon¬ 
taneous diffusion is proceeding. We suppose volume, shape, and position 
of the solution to be the same as before and to be held constant. We 
assume that the flow of current is brought about by the continual re¬ 
versible and isothermal transfer of an equivalent quantity of electrons 
externally from the metal in a. to the metal in a or vice versa. Under these 
conditions there is a continual change of composition at (‘ach point of the 
solution due to (z) spontaneous diffusion, (zz) transport of components by 
the current, and (zzz) change in chemical content of the solution by th(' 
electrode processes. This change of composition produces as befor(‘ a con¬ 
tinual change of pressure at each point of tlu' system. Owing i)artly to 
this change of pressurt' and partly to the change in chemical content of the 
electrodes by the* electrode process(\s, the electrodes again suffer a con¬ 
tinual volume change which is nwersible and parallel to the gravitational 
equipotentials. We now assume that the system has been so arranged 
that at some instant it passes through a state Z* which has exactly the same 
configuration as the state and exactly the same chemical state at each 

point as Since the electrode current is infinitesimal, Z* will differ 

infinitesimally from Z"P""* in (z) the electrochemical state at each point 
and (zz) the vectors 4>t and I at each point. During the infinitesimal time 
interval dt following the instant in which the system is in Z*, there occurs 
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a change in Helmholtz free energy which we denote by dA* and for which 
we may evidently Mrrite 

dA* = dA^'* + dA‘'* + dA“>"* (19) 

The work done by the surroundings upon the system is due partly to the 
volume changes of the electrodes, and partly to the external transfer of 
the electrons; let dw* denote the quantity of this work during dt. Since 
the work is done isothermally and reversibly we have, according to well- 
known principles of thermodynamics, 

dw* = -E Pd(«7)]“'* - E Pd(«7)]“''* - (mI,'-* - MEi-) (20) 

where d£ is the number of moles of electrons transferred during d^ from 
a to a'. 

Our principal assumption consists in setting 


dA* — dA*p®“‘ = dti?* — du^**"*'* (21) 


That is, we treat the work, dw* — dm solely to the flow of an infini¬ 

tesimal electrode current^ as if this flow constituted a reversible process. 
In reality the flow of electrode current superimposed upon spontaneous 
diffusion is not reversible in the ordinary sense, because after the system 
has once passed through the state Z*, this state can obviously not be 
restored by reversing the direction of the electrode current. For this 
reason we shall refer to the assumption expressed by equation 21 as the 
assumption of quasi-reversible conduction, or qrc. assumption. The qrc. 
assumption appears to constitute a natural means of avoiding the artifi¬ 
ciality of treatment noted in section I above. 

The question might arise whether the artificiality in question could not 
also be avoided by sending through the solution, instead of an infinitesimal 
current, a finite current of such magnitude that during the time dt 

I dA* I » 1 dA-*«“* 1 (22) 

1 dty* I I dvf^^^ 1 (23) 

so that instead of equation 21 we could write 

dA* dw* (24) 


which would enable us without artificiality to regard the solution to a first 
approximation as ''frozen.'^ This question must, however, be answered 
in the negative, because for a finite current, the heat irreversibly generated 
is no longer negli^ble. This heat is evidently of the order of 



dt, i.e., 
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In order that the process be treated as reversible, this quantity of heat 
must, as Helmholtz (11) first pointed out, be negligible compared with d£ 
itself. But obviously this is the case only if df/d<, i.e., the current, is 
infinitesimal. 

By substitution of equations 17, 18, 19, 20 into equation 21 we obtain 
the qrc. assumption in more expanded form: 

(dA"’’^ - dA*’***°“‘) + (dX"'’* - 

= (mm-'' ~ MEi-)df - [EPd{SV)Y * ~ [E^d(5F)]“'’* 

+ E^dCSF)] (25) 

Equation 25 serves as the starting point for the deduction of the qrc. 
condition (section III below). 

AUXILIARY ASSUMPTION 3. CONCERNING THE CHANGE OP FLOW VECTORS 
PRODUCED BY AN INFINITESIMAL ELECTRODE CURRENT 

Let andnow denote the values of and I in the particular 

state , and 4>r and the values in the corresponding state Z*. Then 
the infinitesimal vectors and d/, defined by 

= if - (26) 

Si = /♦ - (27) 

may evidently be regarded as the contributions of the infinitesimal elec¬ 
trode current to the vectors and I , respectively.^ From equations 16, 
26, and 27 it follows that 

(28) 

« 

We now make the reasonable assumption that any one of the infinitesimal 
vectors at a given point is either parallel or antiparallel to any other. 
From this assumption and equation 28 it then follows that the infinitesimal 
vector dJ is either parallel or antiparallel to any given d^>,. 

DEFINITION 7. TRANSPORT NUMBERS 

For a given state Z"*”®*, we may now' define the transport number U of 
any charged or neutral component at each point of the solution by the 
equation 

+ ^Cii>v = tibi (29) 

* The symbol d used here has no connection with partial differentiation; its purpose 
is merely to distinguish infinitesimals arising from comparison of the states Z* and 
^•pont from (t) infinitesimals arising from change of state during dt and here denoted 
by d, and from (n) infinitesimals arising from the extension of a subphase and here 
denoted by 5. 
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where di; is an infinitesimal vector of arbitrary magnitude either parallel 
or antiparallel to dl, and 

component i is charged 

\ unity, if the component i is neutral ^ 

In order that equation 29 lead to particular values of U at any point, the 
magnitude and sense of the vector bv must in general be fixed by some 
suitable convention, such as that of assigning an arbitrary numerical 
value to the transport number of a particular component. 


AUXILIARY ASSUMPTION 4. TRANSPORT NUMBERS ARE SCALAR FUNCTIONS 
OF PRESSURE, TEMPERATURE AND COMPOSITION 

We now assume that at any interior point of the diffusing solution here 
considered, the values of <*, fixed at that point by any convention for 
bv depend only on this convention and on the pressure, the temperature, 
and the composition at the point. That is, we assume the U to be scalars, 
which, when pressure, temperature, composition, and the convention for 
bv are fixed, are independent of (f) the configuration of the system, (ii) 
the electrode processes, {in) the gradients of the variables 7 defining the 
electrochemical state, {iv) the magnitudes and directions of the vectors 
jspont^ and therefore of /*, and (r) the rat(‘ at which the electro¬ 

chemical state is changing. Since P, T, and composition at a point are 
fixed when the variables 8 defining the chemical state are fixed at th(‘ 
point, it follows that the are functions of the chemical state. 

We shall now show that by virtue of this assumption the novel definition 
of transport number here adopted leads directly to the usual definition of 
Hittorf number. Consider the special case of a long cylindrical tube 
filled with a chemically uniform aqueous solution and fitted at the two 
ends with electrodes which arc movable so that the volume of th(5 solution 
may be kept constant when an infinitesimal current flows. Suppose gravi¬ 
tational effects to be negligible. If we set ^HuO = 0 and Zu^ = 1 we obtain 
from equation 29 for bv 

55=-^ (31) 

CH«0 

and hence for the transport number of any component t 


f _ _ CHiO 


(32) 


According to our assumption the U so determined are the same regardless 
of the nature of the electrodes. Suppose now we choose a special pair of 
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electrodes such that, while the current flows, the pressure in the solution 
remains constant. Then the expression on the right-hand side of equation 
32 is the Hittorf number of To prove this, we imagine a plane which is 
normal to the cylinder axis and can move parallel to this axis with a velocity 
such that, while the current flows, none of the component i passes 
through the plane. Then evidently 


Cibvi = 54>,- 

(33) 

= ^H*0 

(34) 

and equation 32 becomes 


, ZtCiidvi - dvii,o) 

a 

(35) 


But the expression on the riglit-hand side of equation 35 is clearly equal to 
the ratio of the number of equivalents of i moved through the water to the 
nurnbcT of faradays of electricity moved through the tube (with due 
regard to the directions of these movements and, if i is charged, to the sign 
of the charge) at constant pressure, i.e., it is equal to the Hittorf num¬ 
ber of i. 

It may be remarked that if one dispenses w ith auxiliary assumptions 3 
and 4, it is still possible to define transport numbers by equation 29, but 
that such transport numbers will be tensors rather than scalars. 

AUXILIARY ASSUMPTION 5 AND DEFINITION 8. SPECIFIC ELECTROLYTIC 
PLOW VECTORS AND SPECIFIC ELECTROLYTIC CURRENT VECTORS 

When the state is fixed, the infinitesimal vectors evidently de¬ 
pend upon the magnitude of th(‘ total infinitesimal electrode current, df/dt, 
in the corresponding state Z*. We now' introduce the reasonable assump¬ 
tions that (^) the magnitude of d4>» is an infinitesimal of the same order 
as df/dt, (ii) configuration of the system and chemical state at each point 
being fixed, the direction of at any point is independent of df/d/, and 
the rnagnitude of is directly proportional to df/d/. In analytical form 
these assumptions are 

= (36) 

where is a finite vector wdiose direction and magnitude at any point 
depend upon the configuration of the system and upon the (*hemical state 
at all points. From equations 36 and 28 w'e deduce 



( 37 ) 
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where J is a finite vector giv^ by 

(38) 

and is thus determined at any point by the configuration of the system 
and the chemical state at all points. From equations 36, 37, and 29 it is 
evident that J and the are related not only by equation 38 but also 
by the equations 

(39) 

where the are the transport numbers under the particular convention 
d» = 0. We shaU call the the specific electrolytic flow vectors and J 
the specific electrolytic current vector. We point out that equation 37 
shows the assumptions leading to ^»* and J to be in accord with the require¬ 
ment of Ohm's law, to the effect that the tubes of equal electric flow 
through a conductor be independent of the total current (superposition 
principle of conduction: Helmholtz, 1853 (12)). 

To illustrate the principles involved we calculate the vectors and J 
for the case of cylindrical symmetry. Since 5/ is everywhere constant 
we have 

^ ( 40 ) 

where q is the cross-section vector in the direction from a to a'. By com¬ 
parison with equation 37 it follows that 

J - (41) 

where has the direction from a to a'. For we obtain by equation 39 

—. #101 ^ 

(42) 

For this simple case, therefore, at a point is a function of the configura¬ 
tion and of the chemical state only at that point, rather than at all points, 
and J is a function of the configuration alone. 

DEFINITION 9. ELECTROCHBMICALLY LAMELLAR AND CHEMICALLY 
LAMELLAR SOLUTIONS 

We shall call a mass of solution electrochemically lamellar if through 
each point at which any of the variables 7 have finite gradients, there 
passes one and only one surface over which the electrochemical state is 
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constant, and chemically lamellar if through each point at which any of 
the variables 8 have finite gradients, there passes one and only one surface 
over which the chemical state is constant. Liquid- liquid junctions with 
cylindrical symmetry represent a special case of chemical lamellarity. 

DEFINITION 10. SIMPLY AND MULTIPLY CONNECTED SOLUTIONS 

We shall need to apply to the solution postulated by definition 1 the 
mathematical concepts of simple and multiple connectivity. We shall call 
a solution simply connected if any two paths joining any two fixed points 
within the solution can be made to coincide by continuous deformation 
without ever cutting a boundary of the solution; otherwise we shall say 
the solution is multiply connected. Ordinarily the solutions in galvanic 
cells are simply connected. An interesting example of a multiply con¬ 
nected solution is the ring-shaped system of Dolezalek and Kruger (2) 
mentioned above. 

AUXILIARY ASSUMPTION 6. CONCERNING SIMPLY CONNECTED 
CHEMICALLY LAMELLAR SOLUTIONS 

Since chemical state is determined by electrochemical state, every elec- 
trochemically lamellar solution is chemically lamellar. But the converse 
of this is not true, for whenever an electric current is sent through a 
chemically lamellar solution in any direction save that normal to the 
surfaces of constant chemical state, the solution is surely not electro- 
chemically lamellar. We shall however assume that in the absence of 
currents between electrodes, every simply connected chemically lamellar solu¬ 
tion is also electrochemically lamellar. 

III. Deduction of the Condition for Quasi-reverbible 
Conduction 

DEDUCTION OF THE QRC. CQNDITION IN GENERAL FORM 

The qrc. condition is obtained by transforming equation 25 with the 
help of some of the foregoing definitions and auxiliary assumptions. We 
begin by using equation 1 to calculate the terms on the left-hand side of 
equation 25. Since all changes are isothermal, the results will contain no 
terms in d^. 

Scrutinizing the electrodes a, a' we note that since their volume changes 
occur in directions parallel to the gravitational cquipotentials (definition 
1), we have dv> = 0 for each of the subphases. We also note, with the 
help of equations 9 and 13, that when d{ moles of electrons are trans¬ 
ferred from a to a', the electrode a gains y^d( moles of each of the (electro¬ 
lyte or neutral) components and electrode a' loses moles of each 
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of the (electrolyte or neutral) components X,-. Equation 1 accordingly 
yields for the electrodes 

= -EPd(aF)]“'''PO"* (43) 

dA*'-PO“‘= -EPd(«y)]“'-P“"t (44) 

cL4“-* = - E Pd(«7)]“-* + r df (45) 

9 

^ Pd(«7)]“'-* - Z di (46) 

Q* 

Turning to the solution, we note that since its volume, shape, and posi¬ 
tion remain constant (qrc. assumption), the volume 8V and the gravita¬ 
tional potential <p of each subphase may be taken as constant. Equation 1 
therefore yields for each subphase of the solution 


t 

(47) 

d(5^).oln,* ^ X;Mr‘"-*d(«n.)“"'’'’* 

% 

(48) 

Since 5F is constant we have, furthermore, 


d(5n.)“‘"'*'’“* = dcf‘"'“‘'“‘fiF 

(49) 

d(8n.)“‘''-* = dcr’‘"-*SF 

(50) 

Substitution of equations 49 and 50 into equations 47 and 48, and integra¬ 
tion over the volume, F, of the solution gives 

soln,spent _ / ^jwln.spont j^soln,spent 

Jv 

(51) 

d^eoln,* ^ f def*’"-* JF 

Jy 

(52) 

When equations 43, 44, 45, 46, 51, and 52 are substituted into equation 
25, the terms in Pd(5y) cancel and we are left with 

f Z) (m”‘"'* def'"-* _ def'"•’**"* )«F 

Jy i 


= VMEl- + 2^ VMg' MEI 

q' q 

(53) 

Since at each point of Z* the chemical state is the same 
spending point of (qrc. assumption) and since X,, X< 

or neutral components, we have 

as at the corre- 
are electrolyte 

«•* a,spent 

}Xq — fig 

(54) 

a',* _ a'.spent 

(66) 
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Since at each point of Z* the electrochemical state differs infinitesimally 
from that at the corresponding point of (qrc. assumption), we have, 
furthermore, 

MEi- = + ^MEl- (56) 

+ ^MEl' (57) 

with = 0 for such of the i as are neutral components. Substitution 

of equations 54 to 58 into equation 53 gives, after neglect of infinitesimals 
of higher order, 



^Mln.8pont (dgPoln,* 


_ spent 


= - MSr"* - E (59) 

'f' Q 

Since the changes in cj”'" are due to the action of the flow vectors over 
the time d<, we have, referring to equation 26, 

jp^in,Bpont ^ _d(divJr'“ (60) 

dcf‘"'* = -dfdivi* (61) 


.-.dcr'" * - dcr'"'‘"^’'’'’ = -d<(div<l>r -div$r"‘) 

= -dfdiv (5.- - $r"‘) 

= — dt div (62) 


Henceforth wo shall need to consider only the state and can there¬ 

fore dispense with the superscript ^^spont.” We shall also omit as no 
longer necessary the superscript ''soln.’^ With the notation thus simpli¬ 
fied, substitution of equation 62 into equation 59 yields 

— d/ /* S Mt div d4>,5F = (fiEi + S — mki- — X) df (63) 

Jv % «' <7 

Since the electrodes are in electrochemical equilibrium (definitions 1, 5), 
equations 12 and 15 apply; introduction of these into equation 63 yields 


— dt f ^Htdivb^idV = — 'HvrHr)di (64) 

Jv % r' r 

Equation 64 reduces to the desired qrc. condition when the volume in¬ 
tegral is transformed as follows. First we write 
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and then we apply Gauss’ integral theorem to the first integral on the 
right-hand side of equation 65; we obtain 

—d< f div dt f ^ (66) 

Jv i Jg i 

where cr denotes the boundary surface of the solution and ba is the vector 
element of boundary surface in the direction of the inner normal. But 
the surface integral is given by 

/* S tn^i^ba = 53 — 2 (67) 

Jv r' r 

We establish equation 67 as follows: Since matter enters or leaves the 
solution only at the electrodes a and a' (definition 1), the vectors d^>* are 
either parallel to the boimdary surface or zero at all parts of the boundary 
save the two parts which lie respectively between a and and between 
a' and jS'. It is therefore only these parts that contribute at all to the 
surface integral. Since jS is a layer of constant electrochemical state 
(definition 1), each of the is constant within and therefore all the 
vectors are zero at the boundary between a and except the vectors 
d#r of those components Xr which, owing to the reversible electrode process 
(equation 9), are leaving in amounts The contribution of the 

boundary between a and /3 is therefore given by the second term on the 
right-hand side of equation 67. Similarly the contribution of the boundary 
between a' and at which the components Xr^ are entering iS' in amounts 
Vr'df, is given by the first term on the right-hand side of equation 67. 
From equations 67, 66, and 65 we obtain 

"”df I ^ Hi div d^ibV = [53 df 

Jr i r* T 

+ dt f ^ d^i-grad luSV (68) 

Jv i 

the substitution of which into equation 64 yields the qrc. condition in the 
form 

['L^i gradmSV = 0 (69) 

Jr i 

By virtue of equation 36 we may replace the infinitesimal vectors S#,- 
in equation 69 by the specific electrol 3 rtic flow vectors which are finite, 
and thus obtain the qrc. condition in the form 

f 2 ’f<*grad iniV = 0 ( 70 ) 

Jy i 
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Yet another useful form of the qrc. condition is obtained from equation 69 
by eliminating by means of equation 29; this pves 

f 57-23 ^ grad wiV — f <>v-^ a grad MiSV = 0 (71) 

•'r t Zi Jy i 

The second integral on the left-hand side of this equation however vanishes, 
as proved below; this leaves the desired result 

f bJ-E JgradMY = 0 (72) 

Jy i Zi 

In equation 72, finally, we may by virtue of equation 37 replace the 
infinitesimal vector by the specific electrolytic current vector J, which 
is finite, and thus obtain the qrc. condition in the form 

f 7-E^gradMY = 0 (73) 

Jy % Zi 

To prove that the second integral on the left-hand side of equation 71 
is zero, we need to recall that the equation of Gibbs-Duhem type de- 
ducible from equation 1 may be written (c/. 16) as 

—dP — pdip + sdT + J] c»*d^i = 0 (74) 

where s denotes entropy per unit volume. Since at any instant all in¬ 
tensive variables vary continuously from subphase to adjacent subphase, 
it follows that in general in a diffusing solution 

— grad P — p grad ^ + s grad T + ^ Ci grad pi == 0 (75) 

i 

Since the solution here considered is in hydrostatic and thermal equilibrium 
(definitions 1, 3), equations 5 and 6 apply; introduction of these into equar 
tion 76 shows our solution to be at all times subject to the requirement 

E Ci grad At,- = 0 (76) 

in consequence of which the integral in question vanishes. 

INVARIANCE OF THE QRC. CONDITION 

We emphasize that the disappearance of the term in d~v from equation 71 
signifies that equations 72 and 73 are independent of any convention used 
to fix the numerical values of the U. A confirmatory proof of this invari¬ 
ance, here omitted for the sake of brevity, is readily given with the help 
of equation 76. The behavior of the U in the qrc. condition is thus very 
aimilnr to that of the Surface densities, r,-, in Gibbs’ adsorption theorem 
(<!f. 10 ). 
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As will be shown below, it is through the qrc. condition in the form of 
72 or 73 that the transport numbers U enter the equations for the e.m.f. 
of cells with liquid-liquid junctions. Because of the invariance in ques¬ 
tion, it is in general permissible to set the transport number of a particular 
component equal to zero and therefore to drop the corresponding term 
for that component from the equations for the e.m.f. The use of the 
Hittorf numbers in the theory of liquid-liquid junctions is thus seen to 
be completely justified theoretically, but not necessary. 


SIMPLIFICATION OF THE QRC. CONDITION FOR SIMPLY CONNECTED 
CHEMICALLY LAMELLAR SYSTEMS 

Whenever the solution is simply connected and chemically lamellar, the 
general qrc. condition simplifies to 

f I2f^gradm-Ss = 0 (77 

•fr % Zi 

Here C is any curve joining any point of jS with any point of jS', and S's 
is the vector element of length along this curve. The volume integral of 
equations 72 and 73 has thus been reduced to a line integral. 

In order to prove this result we note that since the U are functions of 
chemical state alone (auxiliary assumption 4), the surfaces of constant 
chemical state are also surfaces of constant U . We note further that 
since in the state the solution is free of currents between electrodes 
(qrc. assumption), the surfaces of constant chemical state are also surfaces 
of constant electrochemical state (auxiliary assumption 6). It follows 
that all the vectors grad ^JL^ and grad U are mutually parallel or antiparallel. 
From this conclusion we deduce 


curl ^ ~ grad m* = 23 curl ^ grad 


Zi 


Zi 


-E (grad I 


X grad + ~ curl grad 

Zi 




= 0 


(78) 


Since the solution is simply connected it follows from equation 78 that 
there exists throughout the solution a single-valued function, w, of the 
coordinates^ such that at each instant 
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Substitution of equation 79 into equation 72 leads to 
0 = / d/.gradw5F 

Jv 

= [ div oidlSV — f 0 ) div d/57 (80) 

Jy Jy 

But by virtue of equations 28, 26, 62, and 4 we have 

—* spoilt 

div dl = div d$,- = - ^ «. --- — -=0 (81) 

t t 

so that the second integral on the right-hand side of equation 80 vanishes. 
For the first integral we obtaiji by Gauss’ theorem 


f div 0)5/57 = — / 0)5/.5? 
Jv Ja 


(82) 


Now according to equation 79 the vector grad o) is parallel or antiparallel 
to a given grad /i*, and therefore the surfaces of constant /i, are surfaces 
of constant o). It then follows from considerations similar to those leading 
to equation 67 that 

- f wdl.da = ((o'*' - a,") ^ (83) 

J0 Qt 


But again according to equation 79 



(84) 


where C is any path from to fi'. It follows that, as stated above, the 
qrc. condition reduces to equation 77. 

If the chemically lamellar solution is multiply connected, equation 78 
still holds, and a function co satisfying equation 79 still exists, but this 
function is not necessarily single-valued, and so Gauss’ theorem, and the 
fundamental theorem on line integrals involved in equation 84, do not 
apply unqualifiedly. 


REMARK ON THE APPLICATION OF THE QRC. CONDITION 

It must be noted that the applicability of the qrc. condition in any of 
its forms is not limited to systems so arranged that the volume changes 
of their electrodes take place parallel to the gravitational cquipotentials 
and that volume, shape, and position of the solution remain constant in 
all changes, as described under the qrc. assumption. This restriction is 
obviously of the nature of a scaffolding necessary for constructing the 
definitions of 5^t, ^/, Uj 4^,-, J, and the proof of the qrc. condition; having 
served this purpose, the restriction may be discarded. 
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IV. Application of the Condition for Quasi-reversible Conduction 
TO Cells with Liquid-Liquid Junctions 

A. preliminary considerations 
Nature of the problem 

The objects of a thermodynamic theory of cells with liquid-liquid junc¬ 
tions appear to us to be twofold; (i) To discover if possible the manner in 
which the e.m.f. depends upon the chemical state at all points and upon 
the configuration of the system, (ii) To discover if possible the manner 
in which the respective contributions of (a) the two electrodes jointly and 
(6) the junction alone depend upon the chemical state at all points and 
upon the configuration of the system. 

Hitherto these problems have been discussed only for the special case 
of cylindrical symmetry. For this case problem (t) has been completely 
solved, and it has been recognized that problem (ii) is not thermody¬ 
namically determinate except for ideal solutions. For non-ideal solutions 
Guggenheim has, however, obtained an important result (4, 6, 9) which 
we shall refer to as ^^Guggenheim^s theorem’^- it is that the e.m.f. may 
be expressed as the sum of (a) an ideal contribution from the two elec¬ 
trodes jointly (6) an ideal contribution from the junction alone, and (c) 
a “salt effect^' contribution due to the deviations from ideality in every 
part of the solution. This theorem arises from the discussion of problem 
(m), but is in reality the solution of problem (i) couched in an especially 
suggestive and useful form. 

In the following sections we shall show how with the help of the qrc. 
condition, problems (i) and (it) may be treated without the restriction to 
cylindrical symmetry. We shall deal first with the completely general 
case described under definition 1 and then with the more special case of 
simply connected chemically lamellar solutions. In each case we shall 
find that problem (t) is completely solvable and that the discussion of 
problem (it) leads to Guggenheim's theorem. Finally, as a check on our 
general formulae, we shall deduce from them the familiar fact, first pointed 
out by Helmholtz (11), that in the special case of solutions consisting of a 
single electrolyte component and a single neutral component, the e.m.f. 
is independent of the structure of the junction. 

Auxiliary formulae and theorems 

(i) In what follows we shall assume that the gravitational potential is 
everywhere zero, so that P may be taken as constant throughout the 
system. In that case the potentials of the electrol 3 rte components and 
the neutral components of the electrodes become functions of P and T 
alone and therefore we may write 

2 - 23 »'«'#*?'’ “ BiP, T) 

(T 


(86) 
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(it) We shall need the formula 

div J = 0 (86) 

which follows immediately from equations 81 and 37. 

(tit) We shall need the formula 

= l (87) 

‘ 2 .- 

which is obtained by multiplying equation 29 by Zi/Si, summing over all i, 
and comparing the result with equations 4 and 28. 

(zv) We shall need the well-known formulae 

Mi = ( 88 ) 

T< = rJ(P, T) + RT log N, + RT log/. (89) 


Here u is a function of P, T, and composition and therefore of the chemi¬ 
cal state, ^ a function of the electrochemical state called the electric 
potential, t?(P, T) a function of P and P, Ni the mole fraction of the 
component t, fi the activity coefficient of the component i (a function of 
P, Tj and composition and therefore of the chemical state), and F Fara¬ 
day's equivalent.* Guggenheim has repeatedly emphasized (7, 4, 6, 3, 8) 
that the functions r* and fi for charged components and the function ^ are 
indeterminate, because neither experiment nor thermodynamic theory 
yields any relation among these functions which is independent of equa¬ 
tions 88, 89. 

(i;) We shall need the fact that the e.m.f., , of the electrode a with 

respect to the electrode a', is always given by 

= mei- ~ MEi- (90) 

{vi) We shall for simplicity assume that the terminal metals of the two 
electrodes a and a' are identical; this obviously causes no loss of generality. 
Denoting the terminal metal of a by I and that of a' by II, we have, since 
Ti depends on chemical state alone, 

tei-te^- = 0 (91) 

Furthermore, since now 

mei" = mei-j mei- = meV (92) 

we have from equations 90, 88, and 91, 

(93) 

* Equation 88 applies only in the absence of gravity; to take gravity into account 
it is, however, merely necessary to add to the right-hand side of equation 88 the term 
Miv, where Mi is the formula weight of i. 
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(m) We shall need the following theorems which depend upon the 
electroneutrality condition and upon auxiliary assumption 2 above, and 
which are due (in slightly different form) to Guggenheim (7, 6, 3, 8). Let 
X< be a set of scalar coefficients corresponding to the components i, deiSned 
at each point of a system, and subject to the condition 

i: = 0 (94) 

i 

Then the linear combination 

Z (95) 

t 

is a function of the X,- and of the chemical state at the point, in spite of the 
fact that the individual fn (for charged components) are functions of the 
electrochemical state. Furthermore the linear combination 

Ex.-log/, (96) 

i 

is a determinate function of the X* and the chemical state at the point, in 
spite of the fact that the individual/< (for charged components) are indeter¬ 
minate. We shall also need the obvious extension of these theorems to 
the linear combinations 

2 X,- grad and X» grad log/* (97) 

t « 

respectively. 

B. THE GENERAL CASE 

E.M.F. as a function of chemical state and configuration 
By subtracting equation 12 from equation 15 we obtain 

MEl- - MEl- = ~ + Z) 12 Vftir (98) 

g q' r* r 

which by equations 90 and 85 yields 

IT’ = I IB{P, D + z yr'ixt' - Z (99) 

r r* T 

Introduction of equation 64 gives 

= i ^B(P, D - ^ Z w div di, Sf] ( 100 ) 

which by virtue of equation 36 becomes 

= i [b(P, D - Z M.- div «f] 


(101) 
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Since by equations 38 and 86 

2 div = div ]/ = 0 (102) 

i 

the div satisfy equation 94 and therefore the integral in equation 101 
is a function of the div and of the chemical state at every point; the 
however, and therefore the div 4^,-, are functions of chemical state and 
configuration. Equation 101 thus shows the manner in which the e.m.f. 
of any galvanic cell with reversible electrodes whatever depends upon the 
chemical state at every point and the configuration of the system, and 
therefore constitutes a solution of problem (i) of section IV A above. 

The solution may also be obtained in terms of the specific electrolytic 
current vector J in place of the specific electrolytic flow vectors For 
this purpose we calculate the term ^ M?' with the help of equation 37, 

r' 

Gauss^ theorem, and equation 86, as follows: 

S ^ f Vr^flr'da- (103) 

r' r' Jo r' 

~ / J Vr' fXr'• da 
r' r' Jo 

= X] + f div J Vr^fir'dV 

r* Jv T> 

= [ JVr' f!XSid fXr'dV (104) 

r* Jv r* 

Substitution of equation 104 into equation 99 yields 

= 1 ^BiP, T) + L - E -'rM? + / ^-E "r' grad/*r-«7j (105) 

In order to show this expression to be a function of chemical state we 
introduce into it the qrc. condition in the form of equation 73 and obtain 

ir' = i [b(p, r) + E - E y^r 

Now by equations 10 and 14 we have 

Zr'Vr' — H ZrVr = 0 

r' r 

and by equations 14 and 87 

. V' Ziti ^ 


(107) 
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Hence the right-hand side of equation 106 is a function of the chemical 
state at every point and the configuration, and constitutes a solution of 
the problem in terms of J. By starting with an equation for ^ VrUr 

_ r 

analogous to equation 104 for ^ vr'Mr ', we obtain an alternative solution; 
namely, 

D + Z vr-zi?: - Z ( 108 ) 

+ ^^•^Z>'i-gradMr+(109) 

Formulae 106 and 109, although less compact than formula 101, are in¬ 
structive because they are very similar to the formulae, obtained below, 
for the simply connected chemically lamellar case. 

Guggenheim's theorem 

By virtue of equation 93 we may write 

p«“' = - 1^) + (^' - ^“) + (^ - /') (110) 

The three parentheses represent, in order from left to right, the contribu¬ 
tion to the E.M.F. of the electrode a, the electrode a', and the junction. 

To calculate the ^^electrode potential,'^ — ^), we note that according 
to equations 88 and 89 

M? = r?(P, T) + RT log N^r + RT log/? + ZrF^ (111) 

mei- = ^1-(112) 

Upon substituting equations 111 and 112 into equation 12 and taking 
accoxmt of equation 10, we obtain 

^ = 1 [riii- + Z »'eM« - Z VrT, (P, T) 

r q r 

- PrZvrlOgJV?- PrZ«'rlog/f] (113) 

r r 

For the “electrode potential” (^* — #”) we obtain in similar fashion 

= \ l-rMr - Z + Z »'r'r;^(P, T) 

t q» r' 

+ BT z Vr- log N’t’. + RT'E Vr' log/?.'] (114) 

r' r* 
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Adding equations 113 and 114 and taking account of equations 91 and 85 
gives for the contribution of both electrodes together to th(^ e.m.f. 

(^I _ /) + (^0' _ = i. ^B{P, T) + E ^r'r'AP, T) - E vAiP, 2’)] 

+ ’ log n 

T r,r* 

+ lE) Vr- log/f' - E l-r log/f] (115) 

I r' T 

The “junction potential,” , we now calculate from the qrc. 

c,ondition as follows: Substituting equations 88 and 89 into equation 70 
we obtain 


RT f E -grad log + R7' f E ^.-grad log/.aF 

•'Ft •'Ft 

+ P [ giad^-E-^.«F = 0 (116) 

•'r t 


The term in grad we transform with tin* help of equations 38 and 86 and 
Gauss’ theorem, as folhnvs 


[ grad ^ • X 5r = f grad 
Jy j Jy 

= div \pJ8V ^ ^ div J dV 
— — f \l/J-8a 


(il7) 


From equations 116 and 117 it follow's that 

/ _ f E ^.-gradlogA'.SF + [ E^.-grad log/.5F (118) 

r Jy % r Jy % 

An alternative formula for obtained from equation 73 in tlu' 

same manner as equation 118 from equation 70, is 

f J-E-grad logAf.JF + f /• E^ grad log/, 5F (119) 
F Jv t Zi ^ •'f t Zi 

By adding equations 115 and 118 and coinj)aring the result w ith equa¬ 
tion 110 we deduce 


= E, 


olectrodos, ideal 


+ E, 


junction, ideal 


+ E. 


salt effect 


( 120 ) 
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where 


E, 


electrodes, ideal 


Ei 


junction, ideal 


E„ 


E^P, T) 


£"(P, T) + log n {Nlr'iN^r'Y’' 

r r,r' 

(121) 

^ In 

F hi 

-grad log N^hV 

(122) 

1-1 

^Ogfr'. 

— Z >'r log/? 

r 




+ / Z ^. grad log/.^yj 

(123) 


+ z 

Vr’rUP, D - Z ^rrliP, D] 

(124) 


The expression for i/,au effect is simplified and shown to be determinate by 
transforming the integral by means of Gauss^ theorem etc. to give 

f Xl^fSrad log fi8V = [ div ^^^\ogf^6V - f 2^ log/, div 
= [ \ogf, Sff - f log/, div 

Jgr i Jy t 

= 12 Vr\0gfr - J2 Vr' log fr> 

r r' 


- f Elog/.div'^<5F (125) 

Jy i 

Substitution of equation 125 into equation 123 yields 

-^salt effect ~ ^ log/, div $,5F (126) 

r Jy t 

a result which is confirmed by inspection of equation 101. The integral 
is seen to be determinate on comparison with equation 102. Equations 
120, 121, 122, 124, 126 constitute the extension of Guggenheim's theorem 
to the most general type of cell with liquid-liquid junction. The theorem 
may be obtained in terms of the vector J in place of the vectors by 
adding equation 119 to equation 116 and proceeding as in the deduction 
of equations 120 to 126 above. The resulting equations for i^eiectrodes, ideal 
and £^(P, 7') are of course identical with equations 121 and 124, but for 
^junction, ideal we obtain, instead of equation 122, 

J^iunotion, id«i = ^ ^ grad log NiSV (127) 

r Jy Zi 
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and for E'sttit effect wc obtain, instead of equation 126, the alternative 
equations 




effect 


E, 


gait effect 


+ ’'r' grad log /r' + Z I grad log SfJ (128) 

vr’ log/f; - J^vr log; ft' 

+ j-(^ Vr grad log/r + £ ^ grad log/,^ 5 fJ (129) 


These expressions are eonfirmcid by inspection of (‘quations 106 and 109, 
and are seen to be determinate on comparison witli equations 107 and 108. 


C. THE SIMPl.V CONNECTED CHEMICALLY LAMELLAR CASE 

E M.F. as a function of chemical stale 
In analogy to equation 104 wo have 

^ Vr'flt' = Vr'lit’ + / '^Vr‘ gl'ad (130) 

r' r' •'Cl' 

where C is any path from /3 to 0'. Substitution of equation 130 into equa¬ 
tion 99 gives 

= i,|^B(P, r) + E - E Vr/, + /^ Z V,. grad (131) 

Into this expression we introduce the qrc. condition for the simply con¬ 
nected chemically lamellar case, i.e., equation 77, and obtain 

- 6 ^“ = 2 ^) + 52 Vf'ilr' — VrUr 

+ f^(^^vr' grad Mr' + E grad m.^-5sJ (132) 

This expression, on comparison with equations 107 and 108, is seen to be 
a function of the chemical state at each point of the path C, and thus to 
constitute a solution of probh'm (i) of section l\ A above. An alternative 
solution is obviously 

= i[^B(P, P) + E Vr^nt'- - E Vr/' 

+ ^E Vr grad Mr + E grad m.^ 8s^ (133) 
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Equations 132 and 133 are seen to be closely analogous to equations 106 
and 109 for the general case. 

Guggenheim’s theorem 

In the simply connected chemically lamellar case, the ''electrode poten¬ 
tials^’ and — \(^^) are given by the same formulae as in the 

general case, namely, equations 113 and 114, and so equation 115 still 
holds. The "junction potential,” ~ however, has a simpler 

form; we ol^tain it by substituting equations 88 and 89 into the qrc. 
condition in the form of equation 77: 

HT [ grad log N^-Ss + RT f Z grad log/, -SI- 

Jv t Zt *'r I 2* 

+ F f ~ grad \l/‘5's = 0 (134) 

t Zt 

= I 2 ^ grad log Nx-bis 
r Jc i Zi 

+ f ^ grad log/,-5« (135) 

r •fct Zt 


By adding equations 115 and 135 and comparing the result with equation 
110 we deduce 



rpoca _ Tji 

•C/ek'ctrod08, uteal 

“t" -^junction, ideal ~l“ offcKit 

(1.36) 

where 





■^elpctrode*s, id<*al 

= EKP, T) + 

yr log n (Ntr'iN^r'Y'' 

t r,r' 

(137) 

•^junction, i<U*al 

RT f 

F Jr V Zi 

grad log Nfbs 

(138) 

■®^8alt effect 

I_1 

II 

log/?-' 

- £ rrlog/? 

t 





+ / grad log/-as] 

Jc i Zi J 

(139) 

Eo(P, T) 

= -p [B(p, T) 

+ z 

r' 

r,-r?-(P, T)-Y rrr?(P, T)] 

r 

(140) 


Equation 139 may evidently be transformed into either of the equations 

^ [^2 rr' log/?- -Y^Vr \Ofxfr 

+ £ {Y vt' grad log/,- + S ^grad log/<^-««J (141) 
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-Bgalt effect = ^ lOg/?' — ^ Vr log 

+ £ Vr grad log /r + 23 grad log . 5 ,s J (142) 

Expressions 141, 142 for E\aUt‘t(vct are eonfirmfd by inspeetioii of equations 
132 and 133 and are seen to be determinate by comparison witli (‘quaiions 
107 and 108. Equations 136, 137, 138, 140, 141, and 142 constitute 
Guggenheim’s theorem for simply connected chemically lamellar licjuid 
liquid junctions. On comparison with the result for the general case we 
find, as we should expect, that efpiations 136, 137, 140 are identical with 
equations 120, 121, 124 and that equations 138, 141, 142 arc clo.s(*ly 
analogous to equations 127, 128, 129. 

Remark 

It will be noted that equations 137, 138, 140, 141, 142 for simply con¬ 
nected chemically lamellar junctions have a form essentially identical with 
that of the equations obtained by Guggenheim (6, 4, 9) for the special 
cases with cylindrical symmetry studied by him. It thus appears that 
junctions with cylindrical symmetry have no advantages of theoretical 
simplicity over junctions which are merely simply connected and chemi¬ 
cally lamellar. The special importance of cylindrical symmetry resides in 
the fact that it represents that type of simply connected chemical lamel- 
larity which is most easily obtained in practice. 

D. SOLUTION CONSISTING OF A SINGLE ELECTROLYTE COMPONENT AND A 
SINGLE NEUTRAL COMPONENT 

In order to verify the general formulae for k.m.f. obtained above and 
to illustrate their use, w(' shall deduce from them the familiar laws for 
solutions consisting of a single electrolytic component and a single neutral 
component. 

For this case it follows from auxiliary assumption 2 and (equation 76 that 

Cel grad grad Uru = 0 (143) 

from which it appears that grad and grad ixnt always have opposite 
directions, and that therefore, in the absence of gravitational effects, the 
solution must always be chemically lamellar. It follows that as long as the 
solution is simply connected, formulae 132, 133 always apply. For the 
sake of completeness it is however desirable to consider also the multiply 
connected case and we therefore base our treatment not on equation 132 
or 133, but rather on the analogous, more general equation 106 or 109. 

If we refer to the cation and the anion by the subscripts + and 
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respectively, it is clear from the foregoing that for the case in hand equation 
106 may be written in the form 

JSr“' = 1 T) + Z - E >'r/r 

+ j^J-{X+ grad ti+ + x_ grad m- + Xm grad findSV j (144) 

where X+, X„, X„e are functions of the chemical state defined at each point 
of the system and subject to the condition 

2 +X 4 . + 2 J_X_ = 0 (145) 

The potentials /i-f, /jiei arc subject to the equilibrium condition 


^ _ M- ^ 

2 + 2 - n 


(146) 


where n is the number of equivalents of electrolyte component per mole. 
By means of equations 145 and 146 the quantities grad and grad can 
be eliminated from the integral in equation 144, and if at the same time 
grad fxnt is eliminated by means of equation 143, this integral ))ecomcs 



x± 

n 


- ^ X„,) 


grad iJLeidV 


(147) 


where one may take either the upper or the lower sign. Since P and T are 
constant throughout, the chemical state at each point of the solution and 
therefore the quantities X+, X_, \nt are functions of fid alone, and therefore 
we may write 

(148) 

\ n Cnt/ 


where is a single-valued function of fxei alone. If we now define 

the function f (m^O by means of a definite integral as follows 

f(Mei) — f(Mw) = f, B(/JLel) dfiel (149) 

*'Mrl 

where tiU, are arbitrary values of , then evidently 
( d=-- X± - — \ni) grad nei = B(n,i) grad 

\ ri Cnt / 

= grad f(/i,j) (150) 


For the integral 147 we accordingly obtain 
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The integral on the right-hand side of equation 151 may be transformed in 
the manner of equations 80 to 83, giving 

[ J-grad ^(n,i)SV = f div f- f f(/i.;) div J5F 
Jy Jy Jy 

= — -Sc 

•'it 

= (152) 

Comparison of equations 152, 151, 144, 148 shows that 

[j-( X± - grad ^,i5V = [[“ ( X± - ^ X„«)d^w (153) 

Equation 144 for the b.m.f. accordingly becomes 

E““’ = i T) + E ■'r-M?' - E Fr/ir 

-H rj‘ ( ±x± - ^ X^,) dMe* (j 54) 

Equation 154 represents the exact and general theoretical proof that 
depends only upon tiie nature of the electrodes and upon the chemical 
states in and ^3', and is independent of the structure of the junction. For 
the simply connected case equation 154 follows immediately from equation 
132 or 133. 

As a final check on our formulae we shall deduce from equation 154 
the well-known formulae for the case in which the electrodes are identical 
and respond simply to one of the ions. In (his case we liav(* 

B(P, T) = 0 (155) 

^ Vr'Mr' = Vrfir (l«56) 

r' I 

, if the electrodes res])ond to the cation (157) 

if the electrodes respond to the anion (158) 

We introduce Hittorf numbers by setting 

tni = 0 (159) 

and note also that according to equations 30 and 87 



= 2+; Z-- = 2> 

= 1 


(160) 

(161) 
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Substitution of equations 167, 159, 160, 101 into the integral in equation 
106 shows that when the electrodes respond to the cation, this integral is 
equal to 

[j .(grad M+ + - grad m-) SV (162) 

whence, by comparison with the integral in equation 144, we deduce 


K = 




X- = 


2-. 


Xn« == 0 


(163) 

(164) 

(165) 


Substitution of equations 163, 164, 165 and also of equations 155 and 156 
into equation 154 with the upper sign gives the familiar formula 




1 


(166) 


In similar fashion it follows that if the electrodes respond to the anion, then 


V. Summary 

Four defects of the existing thermodynamic theory of cells with liquid- 
liquid junctions are pointed out. In the attempt to remedy these defects, 
the assumptions and definitions underl 3 dng the theory arc revised, account 
being taken of arbitrary gradients of concentration and gravitational 
potential. In the course of this revision, a new manner of neglecting 
spontaneous dififusion is adopted, transport numbers are defined in a way 
more general than hitherto, and two new vectors are introduced, the spe¬ 
cific electrolytic flow vector, of a component, and the specific electrolytic 
current vector, J. It is then shown that the assumptions and definitions 
in question lead to a theorem, which, although implicit in previous treat¬ 
ments of cells with liquid-liquid junctions, is here for the first time stated 
explicitly and generally, and is called the condition for quasi-rcversible 
conduction, or the qrc. condition. With the help of the qrc. condition the 
thermodynamic laws of cells with liquid-liquid junctions are deduced. 
It is found that the well-known laws for junctions with cylindrical sym¬ 
metry apply unaltered to junctions which are merely chemically lamellar 
and simply connected, and that for the general case of junctions with any 
continuous distribution of chemical states and any configuration whatever, 
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closely analogous more complicated laws hold. The general formulae for 
E.M.F. here obtained for the first time are verified by deducing from them 
the familiar laws for the case of a single electrolyte in a non-electrolyte 
solvent. 

The author takes pleasure in thanking Professor J. W. McBain, Professor 
P. J. Van Rysselberghe, and Dr. S. W. Grinnell for a number of helpful 
suggestions and comments. 
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Der disperse Bau der festen Systeme. Allgemeine Theorie der Verunreinigung fester 
Systeme. By D. Balarbw. 23.5 x 15.5 cm.; vi + 240 pp. Dresden and Leipzig: 
Theodor Steinkopff, 1939. Price: unbound, 7.50 RM; bound, 8.62 RM. 

Theories of the mosaic structure of real, as distinguished from ideal, crystals have 
been constructed by many writers with the object of accounting for special properties 
of solids, such as their behavior on deformation or their action on x-rays. The work 
of Balarew is concerned rather with the chemical properties of crystals, especially 
their tendency to retain impurities when separating from solution. The author has 
carried out many experiments in this field, which he has described in numerous 
papers. His main idea is that a crystal is always built up of small blocks, often so 
small that their composition departs markedly from the stoichiometric ratio, and 
that these blocks are separated by irregular channels, in which foreign molecules, 
atoms, or ions are retained. This is described as internal adsorption. If barium 
sulfate be precipitated in the presence of potassium permanganate, the crystals are 
colored red, and this color is not removed even by long contact with reducing agents. 
Other similar examples are described. The formation of submicrons when a crystal 
is in process of dissolving is also taken as evidence for a block structure. 

The bearing of such observations on gravimetric analysis is discussed, and means 
are described for obtaining precipitates with the least possible contamination, in¬ 
ternal adsorption being regarded as of greater importance than adsorption at the free 
surface. X-ray evidence is referred to but not discussed quantitatively. Again, 
although reference is made to the appearance of crystals under the microscope, this 
method is not applied in any systematic way. 

The presentation of the author’s ideas involves a great deal of repetition, and the 
work might have been condensed with great advantage. There are many references 
to the literature, but also some surprising omissions. Thus, although mention is 
made of the action of impurities in modifying the habit of crystals, there are no 
references to the work of such investigators as Beudant, Tertsch, and Buckley, 
although their experiments, especially those of Buckley, have thrown much light on 
the way in which foreign ions and molecules are built into the structure of a growing 
crystal. 

The general impression derived from reading the book is that the author has col¬ 
lected many useful observations on crystals which support the view that some kind 
of block structure is usually present, but that they fall short of providing an explana¬ 
tion of that structure. The concluding theoretical argument is unconvincing. 

C. H. Desch. 

Mellor*s Modern Inorganic Chemistry. Revised and edited by G. D. Parker in col¬ 
laboration with J. W. Mellor. 6 x 9 in.; xix -b 915 pp.; 241 figures; 68 tables. New 
York: Longmans Green and Company, 1939. Price: $4.50. 

This is the ninth edition of what has come to be generally accepted as one of the 
standard books of inorganic chemistry. The contents have been entirely rearranged 
and largely rewritten. The first sixteen chapters are devoted to theoretical material 
and include: properties of gases; chemical change; molecular theory; atomic and 
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equivalent weight; classification of the elements and constitution of matter; solu¬ 
tions and their properties; electrolysis and electrolytic dissociations; thermochem¬ 
istry; chemical equilibrium; reaction velocity; and the colloidal state. The other 
twenty chapters are devoted to the chemistry of the elements and their compounds. 
The separate headings are: hydrogen and water; oxygen; carbon, nitrogen; the 
atmosphere; sulphur; the halogens; the inert gases; the alkali metals; copper, silver, 
and gold; the alkaline earth metals; zinc, cadmium, and mercury; the elements of 
Group III; the elements of Group IV; the elements of Group V; selenium and tel¬ 
lurium; chromium, masurium, and rhenium; iron, cobalt, nickel, and the platinum 
metals; radioactivity and the radioelements. 

The general plan is thus to treat the theoretical and physical-chemical material 
in the first part of the book and the factual inorganic material in the second part. 
The salts are discussed under the heading of the metal concerned, which brings the 
book more in line with current practice. A little more space might have been 
devoted to the treatment of the modern theory of electrolytic dissociation and uses 
of the Bronsted theory. 

This revised edition is a valuable work and contains a great deal of useful material. 
The binding and cover are very good. The book is to be recommended to students 
and teachers both as an advanced textbook and as a reference work. 

Arthur A. Vernon. 

Precis de Chimie Physique. By A. Berthoud. 10 x 6J in.; 133 figures; vi 498 pp. 

Paris: Gauthier-Villars, 1939. 

In this book Professor Berthoud has given a lucid, able, and interesting survey of 
the field of physical chemistry. By omitting details of experimental arrangements 
and, above all, by avoiding verbose discussions, he has contrived to include in a 
volume of moderate dimensions a treatment of virtually all the topics that are the 
concern of physical chemists. For students w^ho can read French easily, this book 
W'ill be an excellent introduction to physical chemistry. Although the book through¬ 
out is characterized by clarity of style and attractiveness of presentation, I am of the 
opinion that the discussions of thermodynamics, of heterogeneous equilibria, and 
of the electronic theory of valence are to be especially commended. 

On the other hand, the treatment of the Debye and Hiickel theory, even in an 
introductory textbook, seems to be less than adequate. A more controversial point 
is the rather extensive use of results of quantum theory and of w'ave mechanics 
without laying, in my opinion, a sufficient foundation. 

F. H. MacDougall. 

Essentials of Physiological Chemistry. Second Edition. By Arthur K. Anderson. 

6 X 9 in.; ix -h 323 pp.; 36 figures. New York: John Wiley and Sons, Inc., 1939. 

Price: $2.75. 

Dr. Anderson^s two decades of teaching and research in biochemistry at the Uni¬ 
versity of Minnesota and at Pennsylvania State College adequately qualify him to 
write a textbook of physiological chemistry. 

This book is designed to be an introduction to animal biochemistry, and has been 
written primarily for the use of students of home economics. A conventional order 
of presentation of subjects is followed: physical chemistry; chemistry of carbo¬ 
hydrates, lipids, and proteins; foods; enzymes; digestion; absorption; metabolism 
of carbohydrates, fats, and proteins; calorimetry; composition of tissues; blood; 
urine; hormones; and vitamins. Some students may be dismayed by the rather 
large amount of chemical information contained between the covers of the book, but 
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they will appreciate Dr. Anderson's clear, informative style of writing. The few 
errors observed by the reviewer were minor, and will be picked up readily by any 
teacher of physiological chemistry. The author perhaps ascribes more physiological 
potency to some of the vitamins than they actually possess: for example, **A generous 
supply of vitamin A in the diet promotes longevity." The vitamins discussed are 
vitamin A, thiamin, riboflavin, nicotinic acid amide, vitamin Bs, ascorbic acid, vita¬ 
mins D, the tocopherols, and vitamin K. Where possible, the chemical names of the 
vitamins have been indicated, but the author appears to prefer the older vitamin 
terminology. The use of vitamin K in the treatment of human disease is not men¬ 
tioned. References to original literature are not given; in the reviewer's opinion, 
this omission in a textbook for undergraduate students is a desirable feature. A 
short list of standard textbooks of biochemistry and nutrition are included at the 
end of each chapter. The book is well indexed. It contains no appendix and no 
laboratory exercises. 

The book is bound attractively in green cloth. Heavy type, rather than italics, 
is used to indicate emphasis. Most of the thirty-six illustrations are line drawings. 
The type is readable, and the paper used is of good quality. 

The reviewer predicts a generous reception for this useful little book. 

L. Eable Arnow. 

A Text-Book of Light. By A. W. Barton. 22 x 14 cm.; vii -h 426 pp. London, 

New York, and Toronto: Longmans, Green and Company, 1939. Price: 8 s. 

Dr. Barton's textbook, which deals with geometrical and physical optics, is of 
Higher Certificate and University Intermediate standard; the treatment is, however, 
sufficiently comprehensive to make the work serviceable, with a little supplement¬ 
ing, for students reading for a pass degree. 

Those who know Dr. Barton's useful little treatise on heat will expect this work 
to be characterized by the same qualities of originality and clarity of exposition. 
They will not be disappointed. 

Many treatises on optics are accurate, logical, and arid in their development of 
their subject; Dr. Barton has adopted a mode of presentation which is at once accu¬ 
rate, vivid, and stimulating,—"historical in the sense that the discovery of facts 
and the'development of ideas are presented as they occur historically." It is not, 
as Dr. Barton remarks, a logical method, but it does not suffer on that account. The 
treatment is up-to-date, and the chapter on photometry may be singled out for 
special commendation, for Dr. Barton insists on the importance of illumination 
photometry,—a topic until quite recently, singularly neglected in orthodox exposi¬ 
tion of the subject. The section dealing with physical optics covers the usual topics 
and ends with a chapter on the renaissance of the corpuscular theory. 

The book is well produced, has a large number of illustrative queries appended 
to each chapter, and the photographs of aberrations, interference, and diffraction 
effects are most striking. It should be assured of success. 


Alland Fbbquson. 




ASPHALTIC BITUMEN AS COLLOID SYSTEM^ 

J. PH. PFEIFFER and R. N. J. SAAL 

Laboratorium N. V. de Bataafsche Petroleum Maatachappij, Amsterdam, Holland 
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The conception due to Nellensteyn (2) that asphaltic bitumens must 
be looked upon as colloid systems has been further developed by Pfeiffer 
and his collaborators (5) in the Laboratory of the N. V. de Bataafsche 
Petroleum Maatschappij at Amsterdam (the Netherlands). According 
to these theories, the great differences in rheological properties found can 
be accounted for by the fact that asphaltic bitumens consist of dispersions 
of micelles in heavy, purely viscous oils and that these micelles are pep¬ 
tized to different degrees resulting in differences in the tendency to form 
gels. To make the discussion in the subsequent pages quite clear, it is 
necessary first to give details about our conception of such systems, after 
which a brief survey will be given of experimental data which fully sub¬ 
stantiate these ideas. A more extensive survey will shortly appear 
elsewhere. 

I. GENERAL CONCEPTION OF THE CONSTITUTION OF ASPHALTIC BITUMENS 

The majority of asphaltic bitumens contain substances which are 
insoluble in low-molecular aliphatic hydrocarbons, and which when 
heated do not soften, but decompose, swell, and finally sinter together. 
This fraction is generally called the ^'asphaltene” fraction, as distinguished 
from the soluble or "maltene” fraction consisting of heavy, purely viscous 
oil. The asphaltenes in all probability consist of high-molecular hydro¬ 
carbons of a predominantly aromatic character, with a comparatively low 
hydrogen content, formed by condensation and dehydrogenation from 
aromatic-napKthenic hydrocarbons of lower molecular weight. As a 
rule some oxygen, some sulfur, and a still smaller quantity of nitrogen 
are present. 

Depending upon the intensity of the heat treatment to which the base 
material or the bitumen formed from it has been subjected, different 
asphaltenes are obtained which comprise a continuous range of products 
of increasing carbon content up to "carbenes,” "carboids,” and ultimately 
coke. The latter are especially produced by high level cracking according 

^ Presented at the Sixteenth Colloid Symposium, held at Stanford University, 
California, July 6-8, 1939. 
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to the Dubbs process. Even this so-called coke is not pure elementary 
carbon, but still contains a certain proportion of hydrocarbon chains or 
rings, which may be quite firmly bound to a carbon nucleus (4). In the 
discussion which follows, it is quite immaterial whether the binding of 
these hydrocarbons is of a predominantly chemical or physical nature. 

A point of great importance is that most asphaltenes have a marked 
tendency to adsorb aromatic hydrocarbons of lower molecular weight, 
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Fig. 1. Schematic representation of peptized asphaltene micelles 


and that this faculty is the more pronounced the less severe the heat 
treatment has been. 

The asphaltenes, as they are found in natural crudes or in carefully 
steam-distilled residues, represent the first stages of condensation and 
have dimensions that defy observation under any ordinary or dark-field 
microscope. 

In the asphaltic bitumens the asphaltenes are the centers of micelles 
which are formed by adsorption, and perhaps partly by absorption, of 
part of the maltenes on the surfaces or in the interiors of the asphaltene 
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particles. This part of the maltenes consists chieiBy of hydrocarbons of 
an aromatic or of a combined aromatic-naphthenic-aliphatic nature 
and is by some authors referred to as resins. The other part of the mal- 
tcnes is often referred to as oily constituents or petrolenes. 

According to our conception, the structure of such a micelle is such that 
the bulk of the substances with the greatest molecular weight and with 
the most pronounced aromatic nature are arranged the most closely to 
the nucleus. These again are surrounded by lighter constituents of less 
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Fig. 2. Schematic representation of flocculated asphaltene micelles 


aromatic nature and so on, until a gradual and nearly continuous transi¬ 
tion to the intermicellar phase is formed (figure 1). In other words, there 
is no distinct interface; neither at the outside of the micelle, nor around 
the nucleus, is there a contact of substances with distinct differences, for 
instance, in surface tension. It is therefore clear that it is impossible 
to make a sharp and rigid distinction between fractions such as the so- 
called resins and the oily constituents. 

When the entire system contains sufficient constituents for the formation 
of the outer regions of the micelles, the asphaltenes are fully peptized 
and able to move through the bitumen as freely as the viscosity of the 



Fig. t3. Schematic representation of the structure of an asphaltic bitumen of the 

blown type 

repulsive forces. A certain force is then required to remove them from 
this region. 

Thus a gel structure is formed (figure 3) that may be described as 
irregular open packing, the spaces of which are filled by the intermicellar 
liquid. Such a system may exhibit all the characteristics of complex 
flow, such as elasticity and thixotropy. In this case the elasticity is 
composed of intramicellar and intermicellar elasticity. There is reason 
to presume that the intramicellar elasticity predominates and that its 
effect is enhanced by the presence of the structure and its (intermicellar) 
elasticity. A more detailed discussion of such systems and their properties 
is given by one of us elsewhere (3). 
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In the following pages a brief survey will be given of the experimental 
data on the properties of asphaltic bitumens which have been obtained 
by the authors and their collaborators. 

II. PROPERTIES OF ASPHALTIC BITUMENS AND OF THEIR COMPONENTS 

The usual way to discriminate between different asphaltic bitumens is 
according to hardness, which is in practice expressed by the penetration 
of a standard needle under standard conditions. Bitumens of the same* 
hardness frequently show differences in other rheological properties. 

In a previous publication by Pfeiffer and van Doormaal (5) it has been 
explained that for practical purposes the temperature susceptibility of 
asphaltic bitumens can be expressed by a single number, the penetration 
index (P./.). In the form of an index figure it gives the mean slope of 
the log penetration-temperature curve in the temperature interval be¬ 
tween 15° or 25°C. and the temperature of the softening point R & B. 

TABLE 1 


Relationship between properties 


PJ. 

d LOO PBNB> 
TRATION 

DEORBB or BLARTIC 
DBFORMABIUTT 

THIXOTROPY 

NATURE OP THE MATERIAL 

IS THAT OP 

d TEMPBR- 1 
ATUBB 

-2.5 

0.060 

None 

None 

Coal-tar pitch 

0 

0.040 

Moderate 

Slight 

Normal asphaltic bitumen 

2 

0,030 

Rather great 

Moderate 


5 

0.020 

Great 

Great 

Rubber 


A drop of one point in PJ. approximately corresponds to a rise of 15 
per cent in (d log penetration)/(d temperature). 

As has been stated in the introduction, deviations from purely viscous 
flow are assumed to be due to the colloid nature of the bitumen, and to 
be particularly great when the micelles form more or less coherent struc¬ 
tures. 

Thus the temperature-susceptibility as indicated by (d log penetration)/ 
(d temperature) and P,L is related to the degree of elasticity and thixo¬ 
tropy attributable to the micellar structure of the mass. These relation¬ 
ships are shown in table 1, 

The best way of splitting asphaltic bitumen into fractions is by mixing 
them with an excess of some low-boiling saturated hydrocarbon. The 
quantities of the soluble part (the maltcnes) and the insoluble part (the 
asphaltenes) vary for the same bitumen with the nature and the quantity 
of solvent used, with the temperature of mixing, and with the time elaps¬ 
ing between mixing and separation of the precipitate. Therefore the 
procedure has to be thoroughly standardized. 
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We shall refer to these fractions as 60/80 asphaltenes or pentane as¬ 
phaltenes, according as an aromatic-free gasoline having a boiling range 
of 60® to 80®C. or pentane is used as a solvent. 

We have studied such properties of these fractions as are expected to 
influence the properties of the whole system, by examining fractions 
obtained from several bitumens produced by different processes and with 
widely varying rheological properties. 

Asphaltenes 

The important properties of the asphaltenes are the chemical composition 
and the particle size and shape. 

Little difference was found between the C/H ratios of the asphaltenes 
of most steam-refined and blown products examined; these varied in most 
cases from 0.8 to 0.9. The asphaltenes from cracked residue showed far 
higher ratios up to about 1.3. Different fractions obtained from single 
asphaltenes by extraction usually show only slight differences in C/H 
ratios. 

The influence of the C/H ratio on the ability of the asphaltenes to 
adsorb aromatic compounds was investigated by studying the relative 
viscosities of dispersions of different asphaltenes in benzene. Evidence 
was found that micelles formed with asphaltenes having a C/H ratio of 
less than 0.9 occupy about four times the volume of the asphaltenes alone 
as originally added, and that the asphaltenes having a C/H ratio of over 
1.1 occupy only about twice the volume of the original asphaltenes. 

These conclusions depend upon the assumption, for the validity of 
which there are several indications, that the shape of the bitumen micelle 
approaches that of a sphere. 

Now and again, widely different data on the ‘^molecular weight'' of 
asphaltenes have been published. From our point of view it is more 
correct to speak of the ‘‘mean micelle weight." It will, however, be clear 
that it is impossible to conceive of the “micelle" as a sharply delimited 
unit. Not only do the micelles perhaps differ widely in size, but their 
composition depends on the medium in which the asphaltenes arc dispersed. 
By solving asphaltenes in some solvent, part of the high-molecular pro¬ 
tective substances (asphaltic resins) will, dependent on the adsorption 
equilibrium, remain attached to the asphaltene nuclei and form part of 
the micelles, whereas the remainder will be present in a molecularly 
dispersed condition in the liquid phase. 

It will be clear from the above that the usual methods of determining 
molecular weights by measuring the depression of freezing points or the 
lowering of vapor pressures will at most give only rough indications 
of the micelle size. Figures ranging from about 10* to 10^ are usually 
obtained by these methods. 

An attempt to estimate the micelle size of asphaltenes by studying the 
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behavior of ‘^monomolecular’^ films according to the method of Langmuir 
(1) gave the values collected in table 2. 

The results found by this method were not influenced by variations 
in the concentration of the solution, in the area over which the solution 
was spread, or in the duration of the test. It is, however, clear that these 
figures can give only a rough estimation of the mean weight of the micelle. 
The values found are probably too high, as deviations from spherical 
shape (though too small to influence viscosity) as well as the packed 
arrangements of large and small particles in the film may greatly affect 
the results. 

Maltenes 

From our conception of the structure of asphaltic bitumens it follows 
that the peptizing power of the maltenes depends mainly on (I) the 

TABLE 2 


Size of micelles of asphaltenes 


A8PHALTSNBS 

MBAN “MOLECULAE 

weight” op micelle 

Mexican, steam-refined 

80,000 

Mexican, blown 

80,000 

Venezuelan, steam-refined 

110,000 

Venezuelan, blown 

140,000 

Blown East India distillate 

9,000 

Egyptian, cracked. . 

18,000 


content of aromatics, by which is meant the proportion of the maltenes 
consisting of aromatic rings, and (2) the molecular weight of the aromatic 
fractions. 

To verify these ideas a number of asphaltic bitumens of different types 
and with divergent rheological properties were split into a number of 
fractions rich and poor in aromatics by means of solvent extractions. 
The aromaticity of these fractions was further judged by various methods. 
The study of these data is too complicated to be discusvsed here. 

Bitumens of the gel type (generally blown bitumens) have bec^n found 
to contain only small amounts of high-molecular liquid aromatic com¬ 
pounds (or rosins) and to contain maltenes which are comparatively 
poor in aromatics, whereas all of the constituents of bitumens derived 
from cracked residues, which bitumens are of the sol or coal-tar pitch 
type, are found to be of a predominantly aromatic nature. 

III. RELATIONSHIP BETWEEN THE PROPERTIES OF ASPHALTIC BITUMENS 
AND THEIR COMPOSITION 

In order to establish the influence of the natur(» of the corniionents on 
the properties of asphaltic bitumens, we have investigated “synthetic” 
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products made by combining maltene fractions and asphaltene fractions, 
which fractions were obtained by solvent extractions of representative 
asphaltic bitumens. These fractions were derived in some cases from 
a single bitumen and in other cases from different bitumens. The prepara¬ 
tion of synthetic asphaltic bitumens was effected by dissolving all of the 
components together in carbon disulfide and then distilling off the carbon 
disulfide. Blank experiments in which bitumens were split into various 
fractions and subsequently recomposed have shown slight increases in 
hardness, but never changes of the characteristic rheological properties 
which together determine the type of a bitumen. 

By omitting certain fractions and comparing the properties of the 
products thus obtained with the ‘^complete product,'^ we were able to 
determine the influence of these omitted fractions. By replacing such 
fractions by similar ones from other types of bitumens it was possible to 
compare their influences on the resulting systems. 

The rheological properties of the synthetic bitumens thus obtained 
were examined by means of the conicylindrical rotation viscometer (6). 

With the data thus obtained it could be shown that the nature of the 
maltenes has a marked influence on the tendency of asphaltic bitumens 
to form gel structures. For a given asphaltene content this tendency is 
absent in the presence of a certain excess of aromatics and increases as 
the aromatic content of the maltenes is lowered. 

It has further been demonstrated that the particular nature of the 
asphaltenes is of importance. Asphaltenes having a relatively low C/H 
ratio are easily solvated and hold the solvation mantles firmly, but when 
the maltenes contain insufficient lower aromatic constituents to supply 
a mantle, these asphaltenes lead to the formation of gels. Asphaltenes 
having a high C/H ratio require maltenes of high aromatic content to 
form stable sols, and with maltenes of low aromatic content flocculation 
rather than gelation may occur. 

The latter fact is the basis of the ^‘Oliensis'' test, which aims at showing 
the presence of cracked material in an asphaltic bitumen. 

The high elastic deformability of bitumens may be ascribed to intra- 
micellar and intermicellar elasticity. Intramicellar elasticity, as measured 
by elastic recovery, increases regularly with the shearing stress. Inter¬ 
micellar elasticity, although more marked at low shearing stresses, is 
limited by structural failure. The intramicellar elasticity decreases with 
increasing C/H ratio of the asphaltenes; this may be attributed to smaller 
micelles, or to more compact structure of the micelles, or to combinations 
of these. 


IV, EQUILIBRIA IN THE MALTENE~ASPHALTBNE SYSTEM 

The relative volumes of the two phases in systems composed of asphal¬ 
tenes and maltenes is of importance, but it is difficult to determine them 
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because they are always altered by any change to which the system is 
subjected. The quantities of precipitate obtained by mixing with other 
liquids such as aliphatic hydrocarbons give little information as to the 
total volume of the micelles. 

These ratios can be found, however, at least for bitumens of the blown 
type (with a distinct gel structure), by taking advantage of the phe¬ 
nomenon of ‘^swoating^\ which is similar to the syneresis of aqueous gels. 
Sweating involves the separation of small quantities of the intermicellar 
phase from the system, and is due presumably to contractive forces in 
the micelle skeleton. Neither the usual asphaltic bitumens nor those 
examined here exhibit this phenomenon to the extent that they yield 
separated intermicellar liquid of themselves. It is, however, possible to 
effect this separation by contact with porous materials. 

This was done by spreading a suitable powder evenly on a layer of 
the bitumen being examined, and, after contact for a given time at a 
specified temperature, removing the powder and carefully extracting 
from it the sweated oil. 


TABLE 3 


Comparison of maltenes with oil sweated at 50'"C. 



60/80 

IfALTSNXB 

SWXATKD OIL 

Density, 25®/4® 

0.963 

0.943 

Percentage by weight of saturated hydrocarbons present 

39 

49 

Per cent by weight insoluble in 60/80 gasoline 

0.0 

0.2 


The properties of the sweated oil thus obtained were found in most 
cases to differ materially from those of the maltenes separated from 
the bitumen with 60/80 gasoline, which shows that the composition 
of the micelles differs from that of the 60/80 asphaltenes. For a blown 
Mexican bitumen containing 32 per cent by weight of 60/80 asphaltenes, 
figures comparing the maltenes with the oil sweated at 50°C. are given 
in table 3. The sweated oil proves to be practically free from asi)haltenes, 
showing that the continuous phase of the system has therefore actually 
been separated off. 

From these figures the quantity of intermicellar liquid can be calculated, 
if it be assumed that no saturated hydrocarbons have been bound by the 
micelles. 

By this method we have examined various bitumens of the same P./., 
hence of nearly the same rheological properties and the same type, but 
differing in asphaltene content. The data obtained are given in table 4 
and point to substantial quantitative differences in the ratio of the phases. 
Thus, bitumen No. 1 has a much smaller quantity of intermicellar liquid 
than No. 3. In agreement with this, No. 1 shows a lower rate of oil 
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sweating, although the viscosity of the sweated oil is lower than that 
of No. 3. 

Moreover, the specific gravity of the sweated oil from No. 3 is lower 
than that of No. 1, which points to a more saturated character of the 
sweated oil from No. 3. This accounts for the fact that these bitumens 
do not differ much in rheological properties, as is roughly indicated by the 
P./. The more saturated nature of the intermicellar liquid implies that 
the mutual binding in the structure is stronger and thus the smaller 
quantity of micelles in No. 3 are yet able to form a structure with about 


TABLE 4 

Comparison of the quantities of intermicellar liquid in bitumens of the 
same type and hardness 


ANALYSIS 


BITUMEN NO. 


1 

2 

3 

Density, 2574° ... . 

1.044 

1.028 

1.019 

R & B melting point, °C 

86.5 

85.5 

86 

Penetration at 25°C 

24 

25.5 

29 

PJ . 

3.4 

3.4 

3.8 

Viscosity, 150°C., centistokes 

Per cent by weight insoluble in 60/80 

5400 

3900 

2530 

gasoline . 

32.2 

30.4 

26.7 

SWSATINO TESTS 




Quantity of sweated oil, 10 days at 50°C.. 

0.25 

0.45 

0.88 

Density, 25°/4°. 

0.953 

0.943 

j 0.938 

Viscosity, 50°C., centipoises. 

Quantity of intermicellar liquid: 

230 

310 

910 

Per cent by weight at 60°C 

36 

52 

About 58 

Per cent by volume at 50°C... 

39.5 

56 

About 63 


the same rheological properties as No. 1. In addition, the particular 
nature of the micelles may be a factor, the asphaltenes of No. 3 having 
absorbed fewer constituents of the maltenes, and being thus less ^^pro¬ 
tected.” This would also be expected for asphaltenes differing in 
composition. 

It follows from these few examples that at normal temperature the 
micelles in asphaltic bitumens consist of asphaltenes to which a sub¬ 
stantial portion of the maltenes may be bound. Since the quantitative 
ratio between the volume of the micelles and asphaltenes is not constant, 
the quantity of asphaltenes is to be considered only as a very approximate 
indication of the micelle content. 







KHEOLOGICAL PROPERTIES OP BITUMENS 


149 


REFERENCES 

(1) Langmuir, L: J. Am. Chem. Soc. 89, 1848 (1917). 

(2) Nellensteyn, F. J. : Bereiding cn constitutie van asphalt (Manufacture and 

constitution of asphaltic bitumen); Dissertatie Technische Hoogeschool, 
Delft, 1923. 

(3) Pfeiffer, . I. Ph.: De Ingenieur 64, P4-P10 (1939). 

(4) Pfeiffer, J. Ph.: De Ingenieur 54, Mk41“Mk47 (1939). 

(5) Pefiffer, j. Ph., and Doormaal, P. M. van: J. Inst. Petroleum Tech. 22, 414 

(1936). 

(6) Saal, R. N. j., and Labout, J. W. A.: J. Phys. Chem. 43, 149 (1939). 


RHEOLOGICAL PROPERTIES OF ASPHALTIC BITUMENS' 

R. N. J. SAAL AND J. W. A. LABOUT 

Laboralorium N. V. de Hataafsche Petroleum Maatachappijf Amsterdamt Holland 

Received August 7, 19S9 
I. INTRODUCTION 

In numerous investigations, the rheological properties of asphaltic 
bitumens have been found to vary widely in elastic deformability and 
thixotropy (5, 6). From the point of view of their thixotropic properties, 
they may be divided arbitrarily into two groups—those of the sol type 
and those of the gel type (3). Elasticity may be due to the elastic de¬ 
formability either of the separate micelles or of a structure built up by 
coherent micelles; it may therefore occur both in bitumens of the sol type 
and in those of the gel type (4). 

The wide and continuous range of chemical composition observed in 
all asphaltic bitumens makes it likely that free (sol) micelles or isolated 
small agglomerates of micelles, which may themselves be considered free 
micelles, may be present in bitumens of the gel type as well as in those of 
the sol type. Among the technical asphaltic bitumens, therefore, many 
representatives of mixed gel-sol types may be expected. 

In order to be able to judge in how far the rheological properties of 
asphaltic bitumens may be explained by regarding them either as sols 
or as gels, a close study was made of the rheological properties of two quite 
different bitumens, not only the deformation under constant shearing 
stress being investigated, but also the elastic recovery or the relaxation of 
the stress. The measurements were carried out in a concentric rotation 
viscometer with a conical bottom. 

^ Presented at the Sixteenth Colloid Symposium, held at Stanford Ihiiversity, 
California, July 6-8, 1939. 
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The chief characteristics of the bitumens used in this investigation are 
given in table 1. The rheological measurements were made at 36®C., a 
temperature at which the deformations could be accurately observed. On 
the strength of the penetration index bitumen A would seem to belong to 
the gel type, bitumen B to the sol type (3). The low C/H ratio of the 
asphaltenes should be expected to give both of these bitumens a high 
elastic deformability (4). 

The following rheological measurements were made: (1) The change in 
deformation with time under constant shearing stress (subsequently re¬ 
ferred to here as “deformation”). (!B) The degree of elastic recovery 
after various deformations. (S) The relaxation of the internal stress 
with time after various deformations. The internal stress will be referred 
to here as the relaxation stress. (4) The recovery with time after defor- 

TABLE 1 


Chief characteristics of bitumens A and B 


pROPasnu 

BITUMBN A 

BITUICRN B 

Penetration at 25®C. 

64 

17 

R & B melting point, ®C. 

68 

62.5 

Penetration index. 

3.2 

-0.7 

Insoluble in 60/80 gasoline, per cent by weight ... 

25.0 

25.3 

C/H ratio of asphaltenes 

0.90 

0.85 

Penetration at 35®C. 

100 

50 


mation and partial relaxation of the stress. (5) The relaxation of the 
internal stress with time after deformation and partial recovery. 

II. THEORETICAL CONSIDERATIONS 

For mathematical analysis asphaltic bitumens or colloidal systems in 
general may be typified as (f) pure sols in which each micelle is independ¬ 
ently mobile, (f) pure gels in which all the micelles are interconnected to 
form a structure, or (3) gel-sols in which part of the micelles form a 
structure, but others are independently mobile. 

Using a rough theoretical model somewhat different from that of Burgers 
(1), flow^ equations for the mixed gel-sol type may be derived. Figure 1 
represents in two dimensions a unit of volume containing one free micelle. 
The dimensions of the free micelle, the elasticity of which is indicated by 
Gi, are given by p and q. The deformation of the element is indicated by 
«, that of the free micelle by Further, there is an elastic element of the 
structure G 2 , to which, for the sake of simplicity, no volume has been 
assigned. Rotations of the free micelle are left out of consideration. The 
theoretical analyses of the five types of rheological measurements reported 
are here indicated briefly. 
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1. Deformation 

For the deformation of this model system the following equations may 
be set up: 

r = (1 - p), + pi, (i« - <1*) + 

which says that the stress resisting deformation of the element is equal to 
the sum of the viscous stress in compartments II and I and the elastic 
stress G 2 S; and 


?! r = ^ ^ 

q ^ I — q \d/ d7 / 


which says that the elastic stress in the micelle is equal to the viscous 
stress in compartment I above it. 



Fig 1. Theoretical model of mixed gel-sol system 
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As elements with different properties must be combined to obtain a 
real material, the dependence of the deformation on time becomes more 
complicated. The integral values of the deformation, however, probably 
will be proportional to the stress whenever time is taken to be constant 
making 

« = “t/iW (la) 

At large deformations real structures will be destroyed and the applica¬ 
bility of equation la is, therefore, limited. 

Recovery 

Recovery phenomena may be derived from differential equations 
similar to those used above: 

and 

?! r = ^ 

q ^ 1 — g \dt d^ / 

If these differential equations are solved for the case in which rccov(‘ry 
follows immediately upon a deformation with shearing stress to during 
time ^ 0 , an equation of the same type as equation 1 is obtained, which can 
be reduced to 

Se = To{/l(^0 + 0 /l(0} (2) 

where Se is the part of t^ie total recovery which the bitumen still has 
to cover at the end of the time of recovery t. Referred to the previous 
deformation So or to the total recovery s«o, equation 2 becomes 

?? 5 = ^ ~t~ 0 fi(f) (2a) 

^0 SeO fl(M 

S, Relaxation 

Relaxation is possible only with free micelles. Therefore the formula 
cannot be of type 1 or 2. If the relaxation follows immediately after a 
deformation during under ro, then 

T» = + to ^ (3) 

y 

where 

« = (1 - p) (1 - q)a 
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In more general forms this equation is 

= G 2 fi{to) — fzMe (3a) 

or even 

^iiAo = G2fi{to) — fsitoj) (3b) 

Therefore relative relaxation stress-time curves must coincide with 
equal times of previous deformation, and it should further be possible to 
make relaxation curves with differing 4 , but with equal so, coincide by 
shifting them in the direction of the time axis. 

4. Recovery after partial relaxation 

If, after deformation 5o, a certain relaxation to the stress tro takes place, 
followed by recovery, a recovery curve will have to be found coinciding 
with one after a deformation of so under a smaller shearing stress, of such 
a magnitude that its relaxation stress at the first moment equals tro. 

5, Relaxation after partial recovery 

In deformations to so by to during and partial recovery to Se during te 
followed by relaxation, the value of the elastic deformation of the free 
micelle after the partial recovery must first be calculated. With large 
enough recoveries this deformation can be negative, in which case during 
the relaxation following, the stress will me. 

For this case the following formula can be obtained: 


Tr — TrUq + tt) “* 


(4) 


This equation says that the relaxation stress in question is equal to the 
difference between the relaxation stresses after deformations with the 
same shearing stress during times (to + te) and if the three values of tr 
are taken after equal relaxation time. 

The above formulas are derived for mixed gel sol type systems and 
therefore also comprise the separate cases of the pure sol and pure gel 
type. Since the particular bitumens we examined showed pronounced 
relaxation which occurs only with free micelles, only the equations for the 
pure sol type need to be deduced. 

(1) Deformation in connection with time is then found to be 


Gi 1 ~ g + pg 



— q)at + 


_. 

1 - 9 + M 


(1 - 


(5) 


in which 7 = (1 — + PQ)oc. More generally this becomes 


s = rlAt + fi(t)} 


(5a) 
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(SB) The recovery is represented by 




I? Pg 
(1 - 5 + ny 


(1 - 


and the total recovery is therefore given by 


SeO = T(Js{to) 

so that formula 5a can also be written as 


s — s«o = tAI 

Furthermore, formula 6 may be reduced to 

?!L = + 0 "" fijt) 

Sso fz{to) 


(6) 


(5b) 

(6b) 


so that for the sol type we must always refer the recovery to the total 
recovery. 

(3) For the relaxation 


Tr = TO 


V 

1 - g + pg 


(1 - 


so that the generalized form 

Tj* = i) 


(7) 

(7a) 


becomes analogous to equation 3b. 

(4) When after deformation partial relaxation is followed by recovery, 
the relationships are the same for the sol type as for the more general 
gel-sol type. 

(JS) When after deformation partial recovery is followed by relaxation, 
for the pure sol type no rise in the relaxation stress is possible but only a 
regular decrease to zero. It is not quite certain, however, that this will 
continue to apply with a more generalized model. 

Before ascertaining in how far measurements are in agreement with 
the formulas, the following remarks have to be made: Owing to the 
continuous transition in chemical nature between the components that 
form the bitumen, it cannot be expected that there should be a sharp 
distinction between free and bound micelles in the mixed gel-sol type. 
Continuous transition may also be expected in the force with which the 
micelles are bound together. If loosely bound micelles are present, the 
theories given above may not fully apply. 

The theory is based on the contrast between free and bound micelles. 
A similar mathematical analysis might be based on differences in the rate 
of mutual binding of micelles. 
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III. MEASUREMENTS 

Jf. Deformation 

In figures 2 and 3 curves for deformations under constant shearing 
stress have been drawn for bitumen A and bitumen B by plotting the 
logarithm of the deformation (log s) against the logarithm of the time of 
deformation (log t), s being expressed in centimeters of shear per centi¬ 
meter of layer thickness and t in seconds. It appears that with small 
deformations the distances between the lines at the same times are ap¬ 
proximately equal to the logarithms of the ratios of the shearing stresses 
applied, which is in agreement with formula 1 or formula 6. 



Log (MConda) 


Fig. 2. Relation between deformation and time. Bitumen A 

With greater deformations this rule no longer holds for bitumen A. 
When the rate of deformation for different values of t is calculated, it 
further appears for curves Di and />2 for bitumen A that the rate of defor¬ 
mation increases with the time for greater deformations, which in the 
graph is clear from the slope of the curves. This is in agreement with the 
assumption that bitumen A contains a skeleton which is broken down at a 
certain deformation. It has further appeared that after a sufficient time 
of rest (1 to 3 days) the curve can be completely reproduced, whereas this 
is not possible at once, which indicates that this bitumen has the property 
of self-healing or thixotropy. Beyond the deformation at which structure 
is temporarily destroyed the curves cannot be derived from the model. 
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For small deformations the curves for bitumen A are practically straight 
and can therefore be represented by 

s = TaC (8) 

Hence in formula la, fi(t) = ai", where a = 1.38 X 10"® and n = 0.38. 

Curves for bitumen B have been found to display a distinct curvature 
at small deformations, but after great deformations the slope becomes 
practically 1, so that ds/di is constant. Hence there are here no indications 
for skeleton breakdown. 



Le 9 ilnw(««eond^ 

Fig. 3. Relation between deformation and time. Bitumen B 


Recovery 

In figures 2 and 3 are also plotted the curves Ci, C 2 , and es, which indicate 
the total elastic recovery observed on releasing the external stress im¬ 
mediately after deformation during the period indicated on the abscissa. 
The distance between the corresponding lines D and e therefore gives for 
each time of deformation that part of the deformation which is permanent. 
It is clear that for bitumen A the total recovery after small deformation is 
complete, whereas this is not true in the case of great deformations. This 
makes it probable that in the case of small deformation bitumen A must 
be considered to have a coherent structure. In the case of bitumen B such 
a structure seems to be absent from the start. 

With bitumen A the e lines display a distinct maximum near the defor- 
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mation at which the D lines display the greatest curvature, indicating that 
after breakdown of the skeleton the total recovery becomes smaller. 
The order of magnitude at which serious breakdown occurs corresponds 
with that calculated by Kratky (2). 

With bitumen B also the e lines afford indications of a breakdown either 
of a weak structure or of structures in small agglomerates, although for 
this asphalt the D lines do not disclose this property. In any case the 
behavior of bitumen B seems to approach that of the sol type, and for 
this reason we have further plotted, in figure 3, log {s — Sco) against log 
time (curves /)'), obtaining straight lines of slopes very close to 1 w^hich 
approximately satisfy equation 5b. The secondary effects which account 
for the small deviations have been treated in previous publications (5). 

It may further be noted that also in the case of bitumen A, log (s — Seo) 
plotted against log time gives practically a straight line but the slope of this 
line is not alw^ays 1, and it is therefore described by the equation 

5 — SeO = ht^ (9) 

where m may be > 1 and can to a certain extent be used as a measure for 
thixotropy (4). 

In figure 2 the first parts of the e lines coincide with the D lines and can 
therefore be represented, for these or even greater deformations, by the 
formula 

SeO = ToCto ( 10 ) 

In figure* 3 the first part of the e lines, unlike that of the D lines, is 
straight and hence can also be represented by formula 10, where a == 
0.49 X 10“® and n = 0.50. 

It is important to define the conditions under which no skeleton break¬ 
down occurs. It was found that immediately after one experiment good 
duplicate results could be obtained as long as the previous deformation 
did not exceed s = 0.6 to 1.0 at most. 

For bitumens A and B the rates of recovery are given in figures 4 and 5 
by plotting Se/Seo against time. This permits comparison of the results 
with the theoretical recovery equation (2a), into which it has now become 
possible to introduce the specific form of the function as given by equations 
8 and 10, so that we have 

= (i + iV - (iV (11) 

S.0 to \ to/ \toJ 

In figures 4 and 5 there is a regular displacement of the lines dependent 
upon the duration of the preceding deformation as shown on the graphs, 
and apparently independent of other conditions. Quantitatively there is 
reasonable agreement, points of equal t/to which according to equation 11 
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should have equal values of and which in a few cases have been 
connected by lines, displaying differences between maxima and minima 
of 0.05. Direct calculation of 8«/8«p by means of formula 11 gives values 
for bitumen A that are somewhat lower than those found experimentally, 




Ikm a| •lo»rie rmcv>mry n nii« 

Fig, 4. Relation between ««/e«o and time after various deformations at different 
shearing stresses. Bitumen A. Times on curves refer to duration of previous def> 
ormation. Horizontal dotted lines connect points of equal t/U, 




the maximum difference being 0.10; for bitumen B the equation applies 
within the limits of error of our experiments. There therefore appears to 
be satisfactory agreement with the model. 

With values of «o greater than 1, on the contrary, no agreement is found, 
probably owing to breakdown of structure. 
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Fig. 5. Relation between and time after various deformations at different 
shearing stresses. Bitumen B. Times on curves refer to duration of previous def¬ 
ormation. Horizontal dotted lines connect points of equal ifU. 


NO. 




’’o 

CALCITLATKD 




ieeonda 

dynea per 8q.cm. 


1 

0.090 

0.071 

5 

66,700 

+ 

2 

0.24 

0.146 

20 

66,700 1 


3 

0.382 

0.21 

40 

66,700 


4 

0.69 

0.32 

90 1 

66,700 

X 

5 

1.51 

0.465 

240 1 

66,700 


6 

3.37 

0.473 ’ 

600 I 

66,700 

o 

7 

45.4 

0.38 ! 

7740 , 

66,700 

1 

8 

0.161 

0.094 ! 

30 1 

33,000 


9 

0.438 

0.195 

120 

33,000 


10 

! 2.40 

0.356 i 

900 

33,000 


11 

15.8 

0.282 

I 6000 

33,000 ' 


12 

0.225 

0.064 

270 

8,130 


13 

0.945 

0.128 

1500 

8,130 


14 

4.22 

0.131 

7200 

8,130 


15 

7.5 

0.135 

14100 

8,130 



3, Relaxation 

In figures 6 and 7 the relaxation stress after various previous deforma¬ 
tions under different shearing stresses have been plotted against time as 
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Tfl/ro. Here, too, the phenomenon discussed in the previous section is 
observed: up to deformations of «o = about 1 the curves fall in the expected 
order in accordance with the theoretical relaxation equation (3b), but at 
greater deformations these curves again lie in reversed order. 

A second possibility of checking the relaxation equation is to compare 
the relaxation curves at equal values of Sq but different values of U, since 
by displacing them in a diagram in the direction of the time axis 
it should be possible to make them coincide in accordance with equation 3, 
A few cases have been illustrated in figures 6 and 7, which must now be read 
as trH diagrams according to the scale division at the right-hand side 
of the diagrams. In these figures relaxation curves for a low shearing 
stress have been laid with their first points on a curve of higher shearing 
stress with the same previous deformation so. The agreement proves to 
be satisfactory. 

4. Recovery after partial relaxation 

In figure 8 the curves A and D arc ordinary recovery curves of bitumen 
A, while curves E to G represent recoveries after partial relaxation. In 
all cases Sq is about 1. It appears that the curves are of the same shape 
for both groups. The relaxation stress at the beginning of recovery agrees 
with that predicted by the model. The conditions of the deformation in 
experiment B are practically the same as those employed in the experiment 
represented by curve 14 of figure 6, for which by extrapolation a relaxation 
stress at < = 0 is obtained of about 26,000 to 28,000 dynes per square 
centimeter. It will be seen that this recovery curve B coincides fairly 
well with curve F, representing an experiment where a higher stress was 
released to 29,000 dynes per square centimeter before recovery started. 
Similar results were obtained using bitumen B. 

J. Relaxation after partial recovery 

This type of experiment has little accuracy, since calculation of the 
results by means of the model involves a difference between two measure¬ 
ments of relaxation stress. 

In figure 9 is given the result of a single experiment using bitumen A. 
In agreement with the model it is found that the relaxation stress can rise 
at first. 

Calculation of the relaxation stresses by means of equation 4, using the 
data of figure 6, gives reasonable agreement with the observations indi¬ 
cated by figure 9. 

The gradual decrease of the stress shown by the bitumen after longer 
relaxation time is not in agreement with the model, for according to the 
model the relaxation stress must approach a constant value Here 

again the discrepancy may be attributed to skeleton breakdown, and 
better agreement would be expected at lower deformations. 
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Fig. 6. Relation between tr/to and time after various deformations at different 
shearing stresses. Bitumen A. Times on curves refer to duration of previous 
deformation. 


NO. 




1 

0.176 

tecondi 

5 

dynea per ag.cm. 

58,000 

2 

0.203 

10 

58,000 

3 

0.225 

15 

58,000 

4 

0.247 

20 

58,000 

6 

0.262 

30 

58,000 

6 

0.63 

147 

58,000 

7 

0.75 

242 

58,000 

8 

1.27 

546 

58,000 

9 

3.26 

1659 

58,000 

10 

27.2 

6660 

58,000 

11 

0.083 

5 

28,700 

12 

0.247 

120 

28,700 

13 

0.53 

600 

28,700 

14 

0.90 

1500 

28,700 

16 

3.86 

7200 

28,700 

16 

16.9 

21720 

28,700 

17 

0.13 

499 

7,080 

18 

1.50 

24000 

7,080 


In the case of bitumen B similar phenomena are observed, as shown by 
figure 10. Here, too, a maximum occurs in the relaxation stress-time 
curve after which, however, the relaxation stress decreases in the normal 
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Fig. 7. Relation between ru/ro and time after various deformations at dififerent 
shearing stresses. Bitumen B. Times on curves refer to duration of previous 
deformation. 


no. 

•• 

*• 

’“o 



seconds 

dynes per sqxm. 

1 

0.097 

6 

66,700 

2 

0.24 

23 

66,700 

3 

0.375 

42.4 

66,700 

4 

0.68 

92.4 

I 66,700 

6 

1.60 

242 

66,700 

6 

3.34 

603 

66,700 

7 

8.4 

1481 

66,700 

8 

44.2 

7626 

66,700 

9 

0.062 

10 

33,000 

10 

0.24 

58 

33,000 

11 

0.68 

208 

33,000 

12 

2.24 

900 

33,000 

13 

16.1 

6000 

33,000 

14 

40.3 

16600 

33,000 

16 

0.24 

280 

8,130 

16 

2.68 

1 6100 

8,130 

17 

7.5 

1 13780 

8,130 


way. These results indicate a weak structure for bitumen B as contrasted 
to a stronger structure for bitumen A. 

From the foregoing discussions it has become clear that there is a 
satisfactory agreement between material and model. 
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From the data given it appears that in the two bitumens examined there 
must be a certidn amount of coherence between the micelles. In the case 



Fio. 8. Relation between elastic recovery and time after partial relaxation. 

Bitumen A 



Fig. 9, Changes in relaxation stress after partial elastic recovery. Bitumen A 

of bitumen A this follows from the complete recovery after small deforma¬ 
tions, from the maximum in the curve for the total recovery and from the 
hi gher rate of deformation, recovery, and relaxation at high deformations, 
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the last four factors pointing to breakdown of structure. In the case of 
bitumen B only the maximum in the curve for the total recovery and the 
higher rate of recovery and relaxation at high deformations were observed. 

At deformations small enough to show no serious breakdown of the skele¬ 
ton, a satisfactory agreement with the model system, representing a mixed 
gel-sol system, was found in the five different ways of investigation used. 
From this we conclude that the model in the main represents the constitu¬ 
tion of the bitumen. 



Fio. 10. Changes in relaxation stress after partial elastic recovery. Bitumen B 


As bitumen A showed complete recovery at small deformation and 
pronounced skeleton breakdown at larger deformations, this bitumen 
must possess a marked gel structure. As bitumen B showed incomplete 
recovery and skeleton breakdown to only a slight degree, this product must 
be considered as containing either free agglomerates of micelles or very 
slight coherence throughout the material and is therefore more in the 
nature of a sol. This is in agreement with the theories formerly given by 
Pfeiffer and van Doormaal (3). 

It will not be possible, however, always to account for still more compli¬ 
cated treatment. The following experiment may serve as an instance: 
The bitumen was deformed to s == 1, then by an opposite stress to s = 
—0.4, and then released. There was at first recovery to « » -fO.lS, when 
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the movement was reversed. After reaching s = +0.10 it was again 
reversed, reaching a final position of s = +0.12. To explain such phe¬ 
nomena it will be necessary to assume coupling of differently formed 
elementary systems (1). 


IV. SUMMARY 

1. Rheological measurements in a conicylindrical rotation viscometer 
were carried out on two asphaltic bitumens of different types, employing 
methods of investigation involving deformations under constant stress, 
elastic recovery, relaxation, and combinations of these. 

2. The experimental results were found to be in satisfactory agreement 
with the properties of a theoretical model representing the simplest form 
of a mixed gel-sol system. 

3. It is concluded, in accordance with the views of Pfeiffer and van 
Doormaal, that asphaltic bitumens must be considered such mixed gel-sol 
systems and that the degrees of structure exhibited can vary widely with 
composition. 

The authors are indebted to the Management of the N. V. de Bataafsche 
Petroleum Maatschappij for their permission to publish this paper and to 
their collaborators in these investigations. 
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INTRODUCTION 

Complementary to some analytical investigations, the solubility of 
calcium oxalate in various salt solutions has been established over a range 
of temperatures. The accuracy of these results appears to be greater than 
that of any previously reported work, making them of sufficient general 
interest to warrant publication. 

MATERIALS 

Calcium oxalate monohydrate was made from Baker^s c.p. analyzed 
calcium chloride and oxalic acid. The material first obtained by direct 
addition of the reagents in hot solution, was recrystallized after dissolving 
in hot hydrochloric acid, by addition of ammonia solution. Finally it was 
filtered and washed with hot water and dried at 105®C. The soft cake 
so obtained was reduced to a powder by grinding in a mortar. 

Sodium sulfate was prepared from sodium hydroxide and sulfuric acid 
used in equivalent proportions, crystallized by evaporation, and dried 
at 106®C. 

Ammonimn sulfate was prepared from the acid and base and crystallized 
by evaporation, keeping the mother liquor alkaline to methyl red by small 
additions of ammonia solution. The crystals were dried at room tempera¬ 
ture. When results obtained with this material were compared with those 
using ammonium sulfate of Baker’s c.p. analyzed grade, excellent agree¬ 
ment was found. 

All other salts and all starting materials were of Baker’s c.p. analyzed 
grade. 


EXPERIMENTAL METHOD 

At room temperature: To 250 ml. of salt solution of the required concen¬ 
tration, 125 mg. or more of CaC204*H20 was added. The mixture was 
then stirred mechanically for at least 10 min. After filtration, and 
without washing, the filtrate was acidified with 10 ml. of 1:1 sulfuric acid 
and titrated with 0.02 N potassium permanganate. Blanks were run in 
all cases. Temperatures were measured just before filtration and are good 
to about 0.5®C. The error due to hold-up in the filter paper is about 0.6 
per cent; this was neglected. The highest concentration of chloride ion 
used did not affect the permanganate titration. 
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Ai 6(fC.: The mixture, made up as before, was placed in a covered 
beaker and mechanically stirred in a water bath maintained at 50®C.; 
it was then filtered through a funnel in a bath kept at 55°C.; in this manner 
the temperature of the mixture was maintained at 50®C. ±1® throughout 
the whole of the manipulation. 

At 9S°C.: The solution was first made up with about 20 ml. of water in 
excess and heated to boiling with an excess of calcium oxalate. The 
mixture was then poured into a specially constructed flask (A in figure 1). 



Fig. 1. Set-up for determining solubilities at 96°C. 

After a temperature of 99®C. had been reached, as indicated by the ther¬ 
mometer in A, filtration was begun by opening the stopcock. When the 
lower bath was maintained at 100®C., the material in the filter was at 95®C. 
This was then assumed to be the temperature to which the measured 
solubility corresponded. This assumption seems justified, because the 
filtration was relatively slow and because while the solution, which had 
been previously saturated at a higher temperature, was in the funnel it 
was in intimate contact with crystalline monohydrate. The volume and 
temperature of the filtrate were now measured, and the volume calculated 
to room temperature. In order to obtain the results calculated to the 
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volume at 95®C., 4 per cent should be subtracted from the values listed in 
the tables. 


TIME REQUIRED FOR EQUILIBRIUM 

This point is dealt with rather fully, because it is believed that some of 
the data appearing in the literature are low, owing to lack of equilibrium 
conditions. 

In figure 2 curves are given in which the amount of calcium oxalate 
monohydrate dissolved is plotted against the time during which the 
mixture was rapidly stirred. If stirring were ‘‘occasionally by hand,** 



Fig. 2. Plot of calcium oxalate monohydrate dissolved against the time during 
which the mixture was rapidly stirred. O, 200 mg. of CaC204 added per liter of 
solution; 3, 400 mg. of CaC 204 added per liter of solution; 2000 mg. of CaC 204 
added per liter of solution. 

as is reported by at least one investigator (3), the curves would be con¬ 
siderably flatter, and especially if insufficient excess oxalate were added, 
low results might easily be obtained. From an examination of figure 2, 
it was easy to decide on a minimum excess of calcium oxalate and a stirring 
time which would still make certain the establishment of equilibrium. 

SOLUBILITIES 

The solubilities are summarized in table 1. They are plotted against 
the concentrations at the three temperatures in figures 3 and 4. 

The solubility of calcium oxalate in water was determined by the same 
method and found to be 8.27 mg. per liter at 30®C., and 14.5 mg. per liter 
at 95®C. The value at 60®C. was obtained by interpolation, using a 
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straight line on a log solubility-reciprocal temperature plot, and was 
found to be 10.0 mg. of CaC 204 per liter. 

The units of solubility are milligrams of anhydrous salt per liter of 
solution. 


TABLE 1 

Solubility of calcium oxalate in various salt solutions 


lilLUQBAMB OF CaCsOl FEB LITER OF SOLUTION AT 


SALT SOLUTION 



27.6* * * § 0. 

28*C. 

30*0. 

60*0. 

96*0. 

Sodium sulfate: 






3 g. Na 2 S 04 per liter. 


17.18 


24.97 

39.9 

15 g. Na 2 S 04 per liter. 


34.08 


49.75 

83.6* 

40 g. Na 2 S 04 per liter. 


55.19 


84.30 

144.0 

Ammonium chloride: 






3 g. NH 4 CI per liter 

16.40 



21.62 

34.2 

15 g. NH 4 CI per liter 

28.63 



41.42 

66.9 

40 g. NH 4 CI per liter 

41.22 



61.14 

104.7 

Ammonium nitrate: 






3 g. NH 4 NO 3 per liter . 

14.66 





40 g. NH 4 N 03 per liter. 

35.77t 





80 g. NH 4 NOj per liter 

46.49 





Ammonium sulfate: 






3 g. (NH 4 ) 2 S 04 per liter. 



21.5 

28.85 

47.5 

15 g, (NH 4 ) 2 S 04 per liter. 



42.4 

56.8 


25 g. (NH 4 ) 2 S 04 per liter . 





134.Ot 

27 5 g. (NH 4 ) 2 S 04 § per liter. 



57.0 



40.0 g. (NH 4 ) 2 S 04 § per liter . 



70.2 



40 g. (NH 4 ) 2 S 04 per liter. 



72.1 

97.8 


90 g. (NH 4 ) 2 S 04 per liter. 



109.4 

147.2 

314.51f 


* Average of two results (83.1 and 83.9). 

t Average of two results (35.72 and 35.82). 

t Average of two results (133.0 and 135.0). 

§ Baker's c.p. analyzed. 

If Average of two results (313.5 and 315.5). 


CORRELATION 

While the results with ammonium chloride are in rough agreement with 
those of Maljaroff and Gluschakoff (3), those with ammonium.sulfate and 
ammonium nitrate differ by factors of four and three, respectively. This 
serious discrepancy made some sort of absolute check desirable. This is 
available in the rule which states that the effect of the addition of a second 
salt on the solubility of a given slightly soluble salt is the same for all salts 
and depends only on the ionic strength (2). 

Thus if we read from the curves of figures 3 and 4, the solubilities of 





CONCENTRATION Of SALT, GRAMS PER LITER 

Fig. 4 . Plot of solubility of calcium oxalate against the concentration of tjie salt 
solution. Curve 1, ammonium nitrate at 27.5*C.; curve 2 , ammonium sulfate at 
30®C.; curve 3, ammonium sulfate at 60®C.; curve 4, ammonium sulfate at 96®C. 
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calcium oxalate should be the same at the same ‘‘ionic strength concentra¬ 
tion’’ of the second salt, regardless of the specific salt chosen. 

The ionic strength is defined as: 

l/2'Z.m^el 

M 

where is the molarity of the ion, and e,* is the charge of the iou. 

For sodium sulfate and ammonium sulfate, the ionic strength is three 
times the molar salt concentration. For ammonium chloride and am¬ 
monium nitrate the ionic strength equals the molar salt concentration. 

In table 2 the solubilities of calcium oxalate are compared for various 
ionic strengths of the second salt. The small temperature extrapolations 
required were easily made using a plot of the logarithm of the solubility 
against the whole range of the reciprocal of the temperature, which should 

TABLE 2 


Solubility of calcium oxalate in various salt solutions^ compared at the same ionic 

strengths at 


IONIC OTBENGTH 

MILUORAMS OF CaCt04 PXB LITER OF SOLUTION 

NHiNOs 

NHiCl 

(NH«)>S04 

Na>S04 

NaCl 

0.01 

10.4 

10.0 

10.3 

10.0 

11.3 

0.02 

12.1 

11.6 

12.0 

11.6 

11.6 

0.05 

16.1 

15.9 

16.6 

15.8 

13.3 

0.10 

21.6 

20.2 

22.8 

21.1 

18.6 

0.20 

28.0 

25.9 

33.6 

26.5 

23.0 


give a straight-line relationship. The agreement is fairly good. It seems 
probable that the deviations at higher concentration are not experimental, 
and simply show that at these concentrations the rule of ionic strength no 
longer holds better than the experimental accuracy. The data for sodium 
chloride are from the work of Hammarsten (1). 

SUMMARY 

The solubility of calcium oxalate in ammonium chloride, ammonium 
sulfate, and sodium sulfate solutions has been determined at room tempera¬ 
ture, 50°C., and 95®C., and over a range of salt concentrations. The 
solubility in ammonium nitrate solutions is given at room temperature only. 
The solubilities at room temperatures are correlated using the rule of ionic 
strength, and found to be consistent among themselves, and also with 
outside data for sodium chloride solutions. 
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It was suggested by Failla (2) that as a result of irradiation the proteins 
of the cells were broken down to compounds of lower molecular weight. 
This raised the intracellular osmotic pressure, causing entrance of water 
into the cell with swelling. In order to test this theory Miss Woodard 
(7) studied the effects of irradiation with x-rays on the colloidal properties 
of sheep erythrocytes. Although red blood cells are quite radio-resistant, 
these were chosen since they presented a relatively simple single mem¬ 
brane equilibrium which would not be the case in nucleated cells. Miss 
Woodard found that cells which were suspended in hypertonic saline 
showed swelling after irradiation; those suspended in isotonic or hypo¬ 
tonic saline showed a decrease in volume after irradiation, as the result of 
the extensive hemolysis which occurred. Cells which had been kept in 
the ice-box for 6 or more days showed some spontaneous swelling and 
showed a decrease in volume after irradiation. This was considered to 
be due to a coagulating effect on the proteins. She felt that there was no 
primary damage to the cell membrane as a result of stretching in those 
cells which showed marked swelling. 

Since the effect of imbibition of water would raise the concentration of 
electrolytes in the suspending solution, it was felt that a study of the 
concentration changes in the saline would give more information on this 
problem. Also, injury to the cell membrane would cause an opposite 
effect by allowing diffusion of salt into the cell. In the present work we 
studied these relationships by measuring the cell volume, the chloride 
concentration of the solution in which the cells were suspended, and the 
per cent of hemolysis. 


EXPERIMENTAL 

Sheep blood was used for the work, since it is quite resistant to hemoly¬ 
sis. The blood was collected in a flask containing sufficient sodium citrate 
to prevent coagulation. The blood was then centrifuged to throw down 
the cells, and the serum was removed. The cells were then washed four 
times with saline of the concentration to be used in the experiment and 
finally suspended in saline, the volume being made up to a value somewhat 
above that of the original blood volume. The washed cells were kept in 
the ice-box. Before each series of experiments the cells were waished once 
more, and then 15-cc, samples of the suspension were removed and trans- 
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ferrecl to Pyrex tost tubes which were stoppered. These were then ex¬ 
posed for 45 min. to irradiation from a therapy tube at 22 cm. distance, 
using 200 kilovolts and 18 milliampcres and producing 365 r. per minute, 
giving a total irradiation of 16,425 r. The only filtration was by the wall 
of the Pyrex tube, which was about 1 mm. thick. At varying times after 
irradiation blood from one of the tubes was transferred to a hematocrit 
tube which was then centrifuged and the supernatant fluid was removed. 
After suitable dilution, to adjust the chloride-ion concentration to the 
correct range, the chloride content was determined by the method of 
Whitehorn for chlorides in urine (6). The same determinations were 
made on the control tubes. The cells in the control tubes were hemolyzed 
by adding distilled water and making up to a volume equal to the initial 

TABLE 1 


Results of preliminary work with isotonic solutions 



NO. 

HNHATOCBIT 

HBMOLTS18 




percent 



1 

37.6 

3.0 

Cells equilibrated with 0.145 m NaCl < 


2 

3 

37.6 

38.1 

37.4 (mean) 

4.0 

2.4 



1 

38.3 

10.0 

Cells centrifuged and reequilibrated with 


2 

36.1 

2.6 

0.146 m NaCl... 


3 

36.1 

36.8 (mean) 

3.1 


[ 

1 

22.0 

51.5 

Cells irradiated after 15 hr. in ice-box ■< 

1 

1 

2 

18.0 

39.0 

1 

[ 

3 

18.0 

41.0 


volume of the suspension. This was designated as 100 per cent hemolysis. 
This solution after dilution to approximately the same hemoglobin con¬ 
centration as the supernatant saline was used as a standard for the color¬ 
imetric determination of hemolysis. Some of the original control tubes 
were centrifuged to pack the red cells. The supernatant fluid was care¬ 
fully removed and then more dilute saline was added up to the original 
volume. After the cells were thoroughly mixed with the saline, a speci¬ 
men was removed for a hematocrit determination. The contents of the 
test tube were then centrifuged again and the supernatant fluid analyzed 
for chloride and degree of hemolysis. Results of preliminary work with 
isotonic solutions are recorded in table 1. Since the marked hemolysis 
made these results unsatisfactory, the work was then carried out in hyper¬ 
tonic solutions. These results are recorded in table 2. 
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TABLE 2 

Results with hypertonic solutions 
A, Fresh cells 


HBliATOCKXT 


RBLATXVB 

HBMOLTSM CBLOBIOB COKCBMTBATXON votUM* 


Control equilibrated with 0.336 m NaCl after washing with 0.142 m NaCl 


1. 

28.5 

per cent 

0.5 

0.263 

1.00 

2. 

28.2 

0.7 

0.273 

0.99 


28.4 (mean) 


0.268 (mean) 



Reequilibrated with 0.154 m NaCl 


1. 

36.0 

1.0 

0.190 

1.26 

2 ... . 

36.0 

0.9 

0.178 

1.26 


Cells equilibrated with 0.336 m NaCl and then treated with x-ray; 2 hr. 

after irradiation 


1.. 

1 

32.0 

1.1 

0.270 

1.13 

2. 


32.0 

1.8 

0.272 

1.14 


Same after standing 15 hr. after irradiation 


1. 

2. 

31.0 

32.0 

4.5 

4.3 

0.280 

0.284 

1.13 

1.17 

B. Cells after being kept in ice-box for 5 days 

NO. 

HBMATOCBIT 

HB1IOLYSI8 

CHLOBIDB CONCBNTRATION 

BBLATXVB 

VOLUMB 

Control equilibrated with 0.314 m NaCl 

1. 

28.5 

28.5 

per cent 

0.6 

0.5 

0.267 

0.267 j 

1.00 

1.00 

2. 



Reequilibrated with 0.142 m NaCl 


1. 

34.0 

35.0 

o o 

0.173 

0.174 

1.19 

1.23 

2. 

Cells equilibrated with 0.314 m NaCl; 

; 15 hr. after irradiation 

1. 

32.5 

1.5 

0.258 

1.16 

2. 

32.0 

1.6 

0.260 

1.13 

3. 

32.0 

1.6 

0.262 

1.13 

4. 

32.0 

1.6 

0.260 

1.13 
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TABLE 2-€oncluded 

C, Cells after being kept in ice-box for 10 days 


MO. 


BSMATOCRIT 


BSMOLTBXB 


CHLOBIDM COMCSHTBATION 


BSLATIVB 

VOLUMB 


Control equilibrated with 0.308 m NaCl 




ptr cent 



1. 1 

30.5 

0.2 

0.243 

1.07 

,2.1 

30.5 

0.2 

0.245 

1.07 

Reequilibrated with 0.135 m NaCl 

1. 

36.3 

0.8 

0.167 

1.28 

2 . j 

36.3 

0.8 

0.167 

1.28 

Cells equilibrated with 0.308 m NaCl 

; 4 hr. after irradiation 

1 . . 

32.5 

1.0 

0.223 

1.18 

2 . 

32.5 

. 1.0 

0.223 

1.18 

3 

32.5 

1.0 

0.222 

1.18 

4 

32.5 

1.0 

0.222 

1.18 


DISCUSSION 

It is seen from table 2 that after irradiation the cells showed uniform 
swelling and some degree of hemolysis. Also the chloride concentration 
decreased, showing that some chloride had diffused into the cells. If 
there were no injury to the membrane then water would be withdrawn 
from the saline with the swelling, causing a rise in the concentration of 
the saline. It is evident that both water and chloride diffused into the 
irradiated cells. The question now arises as to whether or not the entire 
swelling is due to membrane injury. If the cell membrane were injured 
so that it would freely transmit ions from the outside, sodium chloride 
would diffuse into the cell. The osmotic concentrations inside and out¬ 
side would then be equalized and the cell would assume a volume equal 
to that which it would assume if it were placed in an isotonic solution. 
Consequently it is necessary to know volume changes in the normal cell 
for different concentrations of the saline. 

Since the cells had been repeatedly washed with saline, the ions which 
could be replaced by chloride within the cells have been entirely replaced, 
owing to repeated equilibration according to the Gibbs-Donnan law. 
Consequently the concentration of chloride outside the cells is a measure 
of the hypertonicity of the solution, since no chloride shift can occur. In 
figure 1 there is plotted relative volume against chloride-ion concentration 
in millimoles per liter. The results obtained in this work are indicated by 
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circles. In the higher concentrations there is quite good agreement. 
The scattering in the lower concentrations may be due to some difference 
in time of standing before the hematocrit determination, since Ponder 
and Saslow (3) have shown that there is some change in cell volume with 
time after change in the concentration of the suspending medium. These 
authors (4) have shown that the red cell does not act as a perfect osmom- 



Fio. 1. Plot of relative volume of the cells against chloride-ion concentration in 

millimoles per liter 

eter, although Davson (1) has reported that the red cell is more nearly 
an ideal osmometer than Saslow and Ponder have found and that there 
is no diffusion of cations into the cell in hypertonic solutions. Warburg 
and Winge (5) have studied this problefti, and their results are repre¬ 
sented in the form of a graph showing the relative volume of erythrocytes 
on the abscissa and the relative salt concentration on the ordinate. It is 
seen that in the higher concentrations their curve approached a straight 
line, which is the nearest graphic representation of our data. By re- 
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computing their results in the same terms as our graph it was possible to 
incorporate their results. Their figures, taken from arbitrary points on 
their curve, are represented by the double circles in figure 1. It is seen 
that at higher concentrations their curve straightens out into that repre¬ 
sented by our results. The curve drawn in figure 1 is chosen to give the 
best representation of the combined points of our results and the Warburg 
and Winge curve. The curve on the graph is defined in the equation: 

H = -0.00287C + 1.76 + (12.7 X 10^)/C« (1) 

The solid points represent the recomputed ideal results given by Ponder 
and Saslow (4) for cells acting as perfect osmometers without diffusion of 
ions. It is not the purpose of this paper to discuss in detail the question 
of ionic permeability of red cells in hypertonic solution. It is nevertheless 



Fig. 2. (a) A tube before irradiation with an arbitrary separation of cells; (b) a 

tube after irradiation 


evident that there is some marked impermeability, since cells shrink in 
hypertonic solutions. Furthermore there is a relationship between cell 
volume and saline concentration represented by figure 1. In subsequent 
developments this graph will be used for reading off relative cell volume 
for any given saline concentration. 

The problem now presents itself to determine from the data how much 
of the swelling is due to injury to the membrane and how much is due to 
swelling of the cytoplasm due to irradiation. 

In figure 2 the upp)er drawing represents a tube before irradiation with an 
arbitrary separation of cells. Bi represents cells which will change volume 
without membrane injury after irradiation, hi represents cells which will 
swell as a result of injury to the membrane with diffusion inward of sodium 
chloride, together with the component A, which will hemolyze. After 
irradiation Bi changes to jB*. Also the unhemolyzed portion of 6i, namely, 
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(bi — h), has changed to 6*. The actual ratio of volumes irrespective of 
hemolysis and membrane changes is 

Bi/Bi = k (2) 

where fc is an arbitrary swelling due to irradiation, which is to be com¬ 
puted. If Hi and Ht are the initial and final hematocrit readings, then 

Hi = -f- Hi and Ht = h + Bi (3) 

Since the total chloride present has not changed, although the concen¬ 
tration has done so, owing to diffusion into bi, it is evident that 


and hence, 


SiCk = (Si + bi)Cli 


bi 


SiCh - SiCl* 
Cli 


(4) 


where 8 and Cl represent the volume and chloride-ion concentration of 
the saline, respectively. 

To find Bi two factors must be taken into account. One of these is the 
swelling due to irradiation and is measured by the factor k in equation 2. 
If k were unity there would still be a change in H* because of a change in 
chloride concentration from Ch to Ck- This volume change can be read 
off from the graph; it is the factor read on the abscissa labeled V and 
denoted here by /«. 

Therefore 


Bi = Bfk-fc (5) 

Similarly the volume 6j is equal to the unhemolyzed portion of 6i multi¬ 
plied by the volume factor which is that for an isotonic solution and is 
seen from the graph to be 1.38. 

bi^ (bi-h)X 1.38 (6) 

This relationship holds, since if bi is completely permeable to sodium 
chloride and water, then the osmotic pressure inside the cell will be equal 
to that outside; consequently it will assume a volume equal to that which 
it would assume in an isotonic solution. 

The quantity h is the per cent actually hemolyzed as seen in figure 2. 
The per cent of hemolysis given in table 2 is based on 100 per cent hemol¬ 
ysis of the initial cell volume. Therefore h = per cent hemolysis (4) 
times Hi. Finally, writing Ht — bi for Hj and Hi — bi for Hi (equation 
3) and substituting from equation 6: 


Hi - (bi - 0Hi) X 1.38 - (Hi - bt)f,.k 


(7) 
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Solving for ft: 


- {bt -<l>Hi)X 1.38 
{H^ - br)fc 


( 8 ) 


Using equation 8 the values for ft were calculated and recorded in table 3. 
It is seen that the fresh blood shows the highest values for ft. After 
standing for some time there is a decrease and finally ft becomes less than 
unity, representing a shrinking corresponding to the coagulation described 
by Miss Woodard. As for the nature of this process, it is felt that neither 
these results nor those of Miss Woodard throw any light upon this. Cer¬ 
tainly there is some injury to the membrane of the cell. However, it is 


TABLE 3 

Calculated values of ft 



MO. 

VALDB or k 

A. Fresh cells 2 hr. after irradiation. | 

1 

2 

1.16 

1.16 

[ 

1 

1.21 

Fresh cells 15 hr. after irradiation. _| 

2 

1 

! 

1.26 

1.20 (mean) 


1 

1.06 


2 

1.06 

B. Cells 5 days old; 16 hr. after irradiation .. 

3 

i 1.08 


4 

1.06 

1.07 (mean) 

f 

1 

0.86 

1 

2 

0.85 

C. Cells 10 days old; 4 hr. after irradiation. . 

3 

0.84 


4 

0.84 

0.86 (mean) 


impossible to say whether this is primarily due to irradiation, or is due 
to injury from swelling. It might be that as the result of the swelling 
from irradiation some membranes are injured enough to produce hemoly¬ 
sis, while those more hardy or those subjected to less distension allowed 
free access to ions without releasing proteins. Further, the idea of Miss 
Woodard that this process is due to increase in the number of molecules 
in the protein is very questionable. Her idea would suggest more of a 
physical change of the molecular form of the protein, which one w^ould 
expect to be independent of changes in its chemistry produced by stand¬ 
ing. It would seem equally plausible that there are some colloidal changes, 
possibly related to changes in isoelectric point, which produced some swell- 
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ing on a chemical basis resulting in imbibition of water. This mechanism 
would be essentially different from inflow of water to equalize osmotic 
relationships. It would seem that the only answer to this would be direct 
molecular weight determinations on irradiated hemoglobin rather than 
dependence upon such complex relationships as those studied. 

SUMMARY 

1. It was found that irradiation by Roentgen rays caused swelling of 
erythrocytes. 

2. Associated membrane damage was found dependent either upon 
irradiation or upon minimal injury due to swelling of the cell. 

3. Diminution of volume after irradiation was found in those cells 
stored in the ice-box for some time. 

4. The findings of Miss Woodard are in general confirmed, although it is 
felt that no adequate explanation can be given for the phenomenon. 

The authors wish to express their appreciation to Dr. H. B. Hunt of 
the Radiology Department for the use of the therapy equipment and to 
Miss Gladys Anderson for carrying out the irradiations. 
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Clays have long been known to possess catalytic activity, some varieties 
finding considerable industrial use as catalysts. Metallic ions present in 
the clays undoubtedly influence their activity; in some cases acid clays, 
i.e., clays which have undergone electrodialysis or treatment with acid to 
remove metallic ions, are found to be more active than the original clays. 
Nevertheless, no attempt appears to have been made to investigate the 
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effect of single specific metallic ions upon the catalytic properties of a clay. 
Because bentonite is catalytically active and possesses a high base-exchange 
value, it was chosen for the present experiments. Specific metallic ions 
were combined with acid bentonite, and the catalysis of three typical 
reactions—the decomposition of hydrogen peroxide, the polymerization of 
pinene, and the thermal decomposition of 2-propanol (isopropyl alcohol)— 
was studied. 


PREPARATION OP BOJTALLIZED BENTONITES 

A 4 per cent suspension of Wyoming bentonite was electrodialyzed in a 
cell of the Mattson type until the catholyte liquor was no longer alkaline. 
The acid clay, free from exchangeable cations, was suspended for 48 hr. 
in a saturated solution of the desired metallic chloride, centrifuged, and 
washed with distilled water until no chloride ion could be detected in the 


TABLE 1 

The decomposition of hydrogen peroxide 


CLAY 

HTPROOBK 
PBHOXIDX RBAC* 
TION CONBTAMT 

(K) AT 27*C. 

MAXIMXTIC 
TBMPBRATTTRB 
BIBB IN PINBNB 
POLTMBBIZATION 



*c. 

Bentonite (raw). 

4.4 X 

0.5 

Acid bentonite ... . 

3.4 

10 

Sodium bentonite* .... 

4.9 

0.7 

Calcium bentonite* .. 

6.3 

1.5 

Iron bentonite (ferric) ... 

13 

12 

Nickel bentonite 

4.6 

3.3 


* Prepared by using 1 N instead of saturated chloride solutions. 


wash waters. After centrifuging, the samples were dried at 95®C. Analy¬ 
ses of the iron (ferric), nickel, and copper bentonites thus prepared showed 
3.63, 2.22, and 1.25 per cent of metal, respectively. 

HYDROGEN PEROXIDE DECOMPOSITION 

Half a gram of the clay was added to 5.0 ml. of 2.98 per cent hydrogen 
peroxide solution in a mechanically shaken, small Erlenmeyer flask. The 
gas evolved was collected in a gas buret. The temperature was carefully 
controlled, and readinp were made of the time and of the volume of gas 
evolved. Blank runs were made, using ferric chloride as catalyst and 
allowing decomposition to become complete. 

All the clays tested catalyzed the reaction to some degree, the rate being 
represented by the equation: 


2.303 

-3S - 

K 


logu 


a 


a:— X 
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where a = the original concentration of hydrogen peroxide or the milli^ 
liters of total oxygen evolved when the reaction is allowed to proceed to 
completion, and x = the milliliters of oxygen evolved at time B in minutes. 

The reaction constants given in table 1 are, therefore, a measure of the 
catalytic activities of the different metallized bentonites. Because 
reaction velocity was found to be dependent upon particle size, all samples 
were ground to just pass a 100 mesh screen; grinding from 48 to 100 mesh 
increased the rate by about 25 per cent. 

PINBNE POLYMERIZATION 

Half a gram of the clay sample, ground to just pass a 100 mesh screen, 
was added to a mixture of 1 ml. of pinene and 1 ml. of xylene (added as a 
diluent) contained in a test tube supported in a Dewar flask. The tem¬ 
perature of the mixture was noted every 30 sec., the maximum usually 
occurring after 2 or 3 min. Measurements were made on all the clays used 
in the hydrogen peroxide and 2-propanol reactions. 

2-propanol decomposition 

The thermal decomposition of alcohols can proceed with the elimination 
of hydrogen or water, the course of the reaction being dependent upon the 
catalyst. In the case of secondary alcohols, dehydrogenation rarely gives 
the ether (2). The reactions possible for 2-propanol arc: 

CHa 

^CHOH 

CH,"^ 

CH, CH, 

\ \ 

CHOH -> CO + H* (II) 

CH,^ Ck/ 

Reaction I is favored by catalysts such as sulfuric acid, thoria, clay, 
phosphoric acid, and boric anhydride; reaction II Is favored by finely 
^vided metals, nickel, copper, cobalt, iron, etc. The attachment of 
metals, such as nickel, to a clay surface may result, therefore, in changing 
the latter from a dehydrating to a dehydrogenating catalyst. This 
possibility was studied for 2-propanol. 

From a buret, similar to that of Paik, Swann, and Keyes (1), mercury 
forced 2-propanol over into vaporizing coils set in an oil thermostat. The 
rate of flow of the alcohol could be measured in milliliters per mihute to 
within about 5 per cent. The alcohol vapors were adjusted to catalyst 
temperature by passing through preheating coils in the electric furnace. 


CH, 


\ 


CH, 




CH + H,0 


(I) 
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the temperature of which was measured by a thermocouple external to the 
tube. This was calibrated against a thermocouple inside the tube in a 
preliminary run. Such procedure was necessary to avoid any catalysis 
by the thermocouple itself. Unreacted 2-propanol and any condensable 
reaction products were condensed out, and the gases evolved were collected 
over water at constant pressure. Analysis of the gas was made with an 
Orsat apparatus, propylene being determined by absorption in bromine 
water. In all cases the same amount of catalyst, ground to pass through a 
4 onto a 28 mesh screen was used. Knowing the volume of gas collected 
and the volume of 2-propanol fed to the apparatus in the same time, the 
amount of decomposition could readily be calculated. 

The 2-propanol used was dehydrated over solid caustic soda and 
distiUed (b.p., Sl.Q^C.; dgl, 0.7889; 1.3780). 


TABLE 2 

Thermal decomposition of S-propanol 


CATALTBT 

i 

2-propanol 

DBCOMPO- 

smoH 

at2«5*C. 

COMPOBITION OP 
GAR BVOLVBD 

PINSNB 

POLTICBRIZATION 

OP CATALTarr 

ClH« 

H. 

Before 

After 


peremt 

percent 

percent 

•c. 

•c. 

Alumina. . . 

22 

100 

0 



Acid kaolin 

17 

100 

0 

3.4 


Acid bentonite ... 

33 

100 

0 

11.1 

5.1 

Acid bentonite (250°C.) . 

16 

100 

0 

11.1 

5.1 

Iron bentonite. 

18 

100 

0 

11.6 

5.6 

Iron bentonite (250°C.) . ... 

7.6 

100 

0 

11.5 

5.6 

Copper bentonite . 

53 

97 

3 

7.1 

3.0 

Nickel bentonite. 

43 

97 

3 

5.8 

4.5 


The results, together with the maximum temperature rises caused by the 
catalysts (both before and after use) in the pinene polymerization, are 
shown in table 2. Fractional distillation using a Podbielniak column 
indicated the presence of nothing but unchanged 2-propanol and water, 
with the possible exception of a trace of isopropyl ether from the acid 
bentonite condensate. 


DISCUSSION 

Tables 1 and 2 indicate that metallic ions attached to a clay do modify 
its catal 3 rtic properties to a considerable extent. Furthermore, their 
action varies with the reaction investigated. In some cases they appear to 
lower the activity of the catalyst; acid bentonite causes a greater tem¬ 
perature rise in pinene polymerization than any of the metallized bentonites 
with the exception of iron. Acid bentonite is also active in 2-propanol 
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decomposition, being even more active than precipitated alumina. On 
the other hand, its activity towards the decomposition of hydrogen perox¬ 
ide is small. Much more effective is iron bentonite, the ferric ions ap¬ 
parently remaining excellent catalysts in spite of their attachment to the 
clay. Pinene polymerization appears to be no guide to the influence of 
the clay catalyst upon the 2-propanol reaction. Copper and nickel benton¬ 
ites, most active catalysts for the latter, show the lea^t effect upon the 
former. In their case also the metallic ions act to some extent as dehydro¬ 
genating catalysts, as would the free metals, while the activity of the 
clay as a dehydrating catalyst is promoted by their presence. From the 
results as a whole there seems but little doubt that the clay and the com¬ 
bined metal behave independently to a considerable degree. 

The diminished activities of the clays towards pinene polymerization 
after use in the thermal decomposition of 2-propanol are interesting. 
Alumina used as a dehydrating catalyst in the alcohol reaction becomes 
poisoned after a time and can be reactivated by ignition in a current of air. 
Presumably carbon is deposited upon some of the active areas of the 
catalyst, affecting its activity not only in the 2-propanol reaction but in 
other reactions as well. 


SUMMARY 

The catalytic activity of a number of metallized bentonites in three 
typical reactions has been investigated. The combined metal plays an 
important part, metal and clay apparently acting independently to a 
considerable degree. 
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Part I. The Adsorption of Water Vapor 

It has been pointed out elsewhere (17) by one of the authors that con¬ 
siderable information about the structure of xerogels—among which ^^air- 
dry” gelatin may be included—is obtainable by measurements of the sorp¬ 
tion of vapors. Apart from this general interest for colloid science, the 
moisture regain of gelatin has a particular interest for photographic tech¬ 
nology because of the considerable effect which the relative humidity, 
i.e., the moisture content, has upon the sensitivity of photographic emul¬ 
sions (22). 

Data found in the literature on the subject are rather scanty. Wilson 
and Fuwa (26) have given some data on the moisture regain of a gelatin 
at various humidities, but the data seem to have been recorded before 
(approximate) equilibrium had been reached, being much smaller than 
any we have obtained. Data given by J. R. Katz (6) are more comparable, 
although since the pH of coating is not stated, nor the concentration of 
the jelly, it is not possible to make a precise comparison. Making certain 
reasonable assumptions as to these factors, and as to the temperature, we 
have plotted his data in comparison with some of our own in figure 1. 

MATERIALS USED 

The gelatins used were (a) a lime-processed calfskin gelatin deashed to 
about 0.02 per cent ash (Eastman Kodak purified gelatin No. 70), having 
an isoelectric point at pH 4.8 T 0.03, and an acid-processed pigskin gelatin, 
with an ash content of 0.07 per cent and an isoelectric point at pH 8.2. 
In order to give a relatively reproducible and controllable history and 
form to the samples, the gelatins were made to 7.0 per cent sols at the pH 
desired, coated on cellulose nitrate surfaces, and dried at 24®C. and 47 per 
cent relative humidity (R. H.) except when these factors—namely, con¬ 
centration of sol and drying conditions—were specifically varied {q. v. 
infra). The gelatin skins were stripped from the support, and samples 
3.8 cm. X 6.3 cm. x 0.0046 cm. were used for each experiment. 

PROCEDURE 

The samples were weighed in wide-mouth weighing bottles, then dried 
out over phosphorus pentoxide in large desiccators for 2 weeks. They 

* Communiostion No. 732 from the Kodak Research Laboratories. 
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were then weired again, and placed in desiccators over sulfuric acid- 
water mixtures of known vapor pressures. A valuable summary of the 
vapor pressure verms density values of such mixtures has been given by 
R. E. Wilson (26). In our experiments the mixtures were prepared to give 
the desired vapor pressures or relative humidities, and the composition 
checked by density determinations. In the cases where a large number of 
comparisons were being made at the same relative humidity, the samples 
after drying over phosphorus pentoxide were placed in a large air-condi- 



Fia. 1. Moisture regain of gelatin. O, values of Katz (Kolloid-Beibefte 9, a 
(1917); no mention of pH or temperature. X, values of Sheppard, Houck, and 
IMttmar, obtained with deashed gelatin (Eastman Kodak No. 70) at pH 6 and 1 
temperature of 26°C. 

tinned testing room at 24*C. (75‘'F.) and 47 to 50 per cent relative humid¬ 
ity. In every case the moisture regain or loss was determined after 2 
weeks in the desiccators, which was found to be sufficient to attain (appar¬ 
ent) equilibrium. This was checked by accelerating the adjustment toward 
the end by operating an agitating fan within the desiccator and noting 
when no appreciable change of weight occurred. The accuracy of the 
procedure was controlled in certain cases by independent experiments 
which were made by P. T. Newsome, using an adsorption balance (16), and 
which gave excellent agreement. The “dry weight" over phosphorus 
pentoxide was checked at the end of each experiment by drying the sample 
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overnight at 106-107®C. The measurements described here were all made 
at 25®C. T 

Various factors were investigated in regard to their influence on the 
adsorption isotherms at 25®C. The experimental results are now described 
separately. 

RESULTS 

L Effect of pH of gelatin sol at coating 

Neither Wilson and Fuwa (26) nor Katz (6) mentioned the pH of their 
gelatin- Probably this was in the neighborhood of pH 6, since the gelatins 
used were not deashed- In the first series, at 60 per cent relative humidity, 
deashed gelatin (Eastman Kodak No. 70) was used, coatings being made 
from 7 per cent sols adjusted to pH values from 2.8 to 9.0. The results 
are shown in table 1 and figure 2. 


TABLE 1 

Effect of pH of gelatin (Eastman Kodak No. 70) on the moisture regain 
Samples 0.036 to 0.051 mm. thick; temperature, 24®C.; relative humidity, 60 per cent 


pH 

MOISTURE REGAIN 


percent 

2.8 

15.2 

4.0 

17.4 

4.9 

19.56 

6.0 

20.01 

7.0 

20.3 

8.0 

20.14 

9.0 

20.9 


The moisture regain increases rather sharply from pH 2.8 to pH 5.0, 
and then much more gradually.^ There is no indication of a minimum at 
the isoelectric point (pH 4.9), as is found for the absorption of liquid water 
by this type of gelatin. This suggests a difference in the mechanism of 
the adsorption of water vapor to gelatin compared to that for liquid water 
absorption. 

The general character of the relation between moisture regain and pH 
remains much the same at different humidities, so that the isotherms for 
different pH values are similar, only being displaced en bloc as shown in 
figure 3. 


Effect of concentration of the gelatin in the sol at coating 

Solutions of gelatin (Eastman Kodak No. 70) were made up at pH 4.77, 
concentrations being varied from 2 per cent to 15 per cent. They were 

* D. E. Briggs (J. Phys. Chem. 35 , 2914 (1939)) showed in the case of casein that 
the moisture regain increased as the pH was raised from pH 4.8 to 10.1. 
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coated with varying volumes so as to secure skins of the same thickness. 
Moisture regains obtained are given in table 2 and figure 4. 



Fig. 2. Effect of pH of gelatin sol at coating on the moisture regain of deashed 
gelatin (Eastman Kodak No. 70); temperature, 26°C.; relative humidity, 60 per cent. 



Fio. 3. Effect of pH of gelatin sol at coating on the moisture adsorption isotherm 
of deashed gelatin (Eastman Kodak No. 70), at 26*’C. •, pH 2.0; □, pH 2.9; A, pH 
4.79; X, pH 6.10; O, pH 7.89; O, pH 10.02. 

In this case, the behavior is similar to that of gelatin with liquid water, 
in that there is a definite diminution of the take-up of water vapor as the 
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concentration of the solution used in coating is increased. It appears 
that any internal structure difference with concentration, whether in 
regard to pore dimensions or to orientation of hydrophile groups, must be 
similarly effective in both cases. 

3. Effect of thickness of gelatin layer 

Coatings of 7 per cent concentration of gelatin (Eastman Kodak No. 70) 
at pH 4.77 were made to different thicknesses. The data are given in 

TABLE 2 


Effect of concentration of gelatin (Eastman Kodak No. 70) sol used in making gelatin 

coating on moisture regain 

Temperature, 25®C.; pH, 4.77; relative humidity, 57-60 per cent 


CONCENTBATION OF QCLATIK SOL 

THICKNESS OF COATING 

MOISTURE REGAIN OF RESULTING 
GELATIN COATING 

per cent 

mm. 

per cent 

2 

0.040 

18.75 

5 

0.043 I 

18.3 

10 

0.048 1 

! 17.49 

15 

0.050 1 

14.6 



Fig. 4. Effect of concentration of gelatin sol at coating on moisture regain of 
deashed gelatin (Eastman Kodak No. 70) at a temperature of 26°C. and a relative 
humidity of 60 per cent. 

table 3. Above a thickness of 0.076 mm., the moisture regain remains 
practically constant, while a skin of 0.051 mm. showed a definitely lower 
regain. These results, and others confirming them, agree with those we 
have obtained with liquid water, in which case the absorption (swelling) 
was independent of the thickness up to 0.29 mm., above which it decreased 
somewhat. 
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4 . Effect of hydrolytic degradation of gelatin 

Deashed lime-processed calfskin gelatin (Eastman Kodak No. 67) was 
hydrolyzed in water at 90®C. for increasing periods of time, the degree 
of hydrolytic degradation being followed by the fall in viscosity of 5 per 
cent sols. Data are given in table 4. 

In figure 5 are given comparisons of the adsorption isotherms for the 
original and the partly hydrolyzed gelatins. Apparently hydrolysis of 
this order has little effect upon the moisture regain. 

TABLE 3 

Effect of thickness of coating on moisture regain of gelatin (Eastman Kodak No, 70); 
various volumes of 7 per cent gelatin sol 
Temperature, 26®C.; pH, 4.77; relative humidity, 46-47 per cent 


TBICKKBBS OF COATING 

MOX8TUBB BBQAIN 

mm. 

per cent 

0.050 

14.67 

0.076 

17.24 

0.101 

17.56 

0.127 

17.39 

0.162 

17.66 

0.179 

17.66 

0.203 

17.60 


5, Predrying conditions 

It is known that the conditions of first drying of a gelatin jelly affect 
the degree of swelling in liquid water.* Some experiments were made to 
ascertain what influence this might have upon moisture regain. Gelatin 
(Eastman Kodak No. 70) was coated at pH 6 and dried under two condi¬ 
tions as follows: 


WBT BULB 

DBT BULB 

MOIBTUBB BBOAXK AT 60 PBB CBNl 
BBLATXVB HUIIIDITT 

•C. 

•c. 

. 

17.2 

24 

20.4 

25.0 

60 

19.0 


The sample dried at the higher temperature had a slightly smaller regain. 
This difference was checked repeatedly, so it appears to be real. It is in 
the same sense as that for the absorption of liquid water, but less in magni¬ 
tude, since in the latter case differences of 40 to 60 per cent are observed 
with similar preconditioning. 

* Numerous investigations, including the one reported in reference 11. 
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6 , Type of gelatin and moisture adsorption 

Gelatins might be classified according to the original stock or source of 
origin, e.g., as hide, bone, or as calfskin, pigskin, etc. However, the 
principal difference is established by the pretreatment of the stock in 


TABLE 4 

Effect of degree of degradation on moisture regain of gelatin {Eastman Kodak No, 67) 
Samples0.050 mm. thick; temperature, 26®C.; pH, 6.02; relative humidity, 47 per cent 


TXMB RTOROLTCBD 

11 IH C.P. AT 40®C.; 5 P*R CBNT SOL 

MOISTURB RBGAXN 

howr$ 


percent 

0.0 

5.1 

17.28 

2.0 

2.2 

16.70 

8.0 

1.4 

16.76 



Fig. 5. Effect of degree of degradation of deashed gelatin (Eastman Kodak No. 70) 
on moisture regain at a pH of 4.77 and a temperature of 25°C. •, original gelatin 

No. 70; A, hydrolyzed 2.6 hr. at 90-100®C.; X, dialyzed hydrolyzed gelatin. 

preparation for the extraction, rather than by the original material,—at 
least so far as the ordinary industrially available materials are concerned. 
We expect to deal with this elsewhere, but in the present connection have 
compared the moisture adsorption isotherms at 25®C. of two contrasted 
types of gelatin, viz., a lime-processed gelatin (Eastman Kodak No. 70) 
having an isoelectric point at pH 4.77, and an acid-processed pigskin 
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gelatin of isoelectric point 8.2. The data for moisture regains are shown 
in figure 6. 

Both gelatin sols were adjusted to pH 6.0 at coating. It will be seen 
that no difference in moisture regain was observed until high humidities 
were reached, when the lime-processed gelatin began to adsorb considerably 
more water vapor. The values for the acid-processed gelatin at pH 8.2, its 
isoelectric point, are slightly higher than at 6.2. The differences in mois¬ 
ture adsorption of these two gelatins are much less than for the adsorption 



Fig. 6 . Effect of isoelectric point of gelatin on moisture regain at 25®C. O, lime- 
processed gelatin (Eastman Kodak No. 70), pH 6.0, isoelectric point at pH 4.77; 
X, acid-processed gelatin, pH 6.0, isoelectric point at pH 8.2. 

of liquid water. Lime-processed gelatin shows a well-defined minimum at 
its isoelectric point, ca, pH 6, the adsorption then rising sharply at higher 
pH values, while acid-processed gelatin of, e.g., isoelectric point pH 8, 
shows a zone of minimum swelling sometimes extending from pH 5 
to pH 11. 


GENERAL DISCUSSION OF THE ADSORPTION ISOTHERM 

The general character of the isotherm is shown in figures 1, 3, 6, and 6. 
The typical S-shaped curve resembles those obtained for silk, wool, and 
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cellulose. On desorption, similar hysteresis phenomena are observed 
(see figure 7). 

It seems probable that much the same mechanism is involved. In the 
case of cellulose, Sheppard and Newsome (21) concluded that ‘There are 
two main forces influencing the adsorption of water vapor. First, water is 
initially adsorbed at inner surfaces by the free hydroxyls of the cellulose 
material (i.e., those lying exposed, not holding each other in the formation 
of the crystallized portion) and secondly, further adsorption consists 
mainly in the condensation of water vapor in the voids of the structure.^' 
In the case of gelatin, the initial adsorption is probably chiefly due to the 



Fig. 7. Sorption hysteresis of deashed gelatin (Eastman Kodak No. 70) at pH 6 
and 25‘'C. O, adsorption; •, desorption. 

amino groups, which are freed on the alkaline side of the isoelectric point. 
But the rapid fall of moisture regain as the pH is lowered to 3 is not easy 
to interpret, particularly as it is so opposed to the behavior in liquid water. 
Possibly we may suppose that the carboxyl groups are so mutually oriented, 
with hydrogen bridge formation, that they cannot readily solvate in 
vapor phases. 

A further experimental aspect of the problem is furnished by the elec¬ 
trical conductance properties to be described in Part II. 

In photographic practice the gelatin of emulsions is often “hardened,^’ 
i.e., tanned by treatment with various substances, either incorporated in 
the emulsion before coating or used in solutions in the course of processing. 
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Of these, chrome salts, such as potaarium chrome alum, and formaldehyde 
are typical. It was of interest to ascertain what effect they have on 
moisture adsorption. The isotherms plotted in figure 8 show that the 
^ect is slight for adsorption from the vapor phase, although swelling in 
liquid water is greatly reduced. 



Fig. 8 . Effect of hardeners on moisture regain of deashed gelatin (Eastman Kodak 
No. 70) at pH 6.08 and 25^C. O, gelatin No. 70 (per cent liquid absorbed 1704); 
X, chrome alum-hardened gelatin (per cent liquid absorbed « 343); A, formalde¬ 
hyde-hardened gelatin (per cent liquid absorbed 266). 

Part II. The Electrical Conductivity op Gelatin Gels 

MATERIAL AND PROCEDURE 

The gelatin skins used were prepared from the deashed gelatin (Eastman 
Kodak No. 70) used for moisture regain experiments. Coatings were 
made on glass and dried at 24®C. and 47 per cent relative humidity. The 
thickness, when not specifically varied, was 0.046 T 0.002 mm. The 
samples, held in special glass racks, were conditioned for 2 dajrs at 27.8®C, 
and the desired relative humidity. 
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'J'lic humidor in which the conditioiiiiiK and the nicasinvincnts wcav 
made is shown in hnuro 9. It is a large- air-tight metal box in which air 
cirerdation is olitaincd with a small blower. This dn-w the air down from 
the to]) of the box ove-r the samples, thi-n over trays of sulfuric acid water 



H 


Fk; 9 iluniulor (J, humidity hox; F, long gauntlet gloves. F, 

Ihikelite plug; (i, variable mica condenser; H, discharge SN\itch, .1. scale 

mixturt's and so hack to tlu* blow(M\ The actual r(‘lativ(' luimidity was 
(du'ckcd by W(*t-bulb and dry-bulb th(‘rmonu*tcrs, and the huinidoi* was 
tluM’iuostated at 27.8°(\ The electrodes and samples could be manipu- 
lat('d in tlu^ box by using long riibb(‘r gauntlet gloves s(*aled to tlu' outsid(‘. 
\'(‘ry grc'at care is necessary in maintaining the sami)les at constant hu> 
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midity, sin(*(', as will be so(‘ii, the conductivity changes very rapidly with 
changti of humidity. 

The electrodes consisted of brass strips 3 mm. wide by 2.5 cm. long 
mounted on TenitiJ, as shown in figure 10. The contacting metal surface's 
were given a matte surface by engraving a half-tone line-screen image of 
150 lines per inch, using a regular copper plate ('tching batin'^ This gave' 
a uniform dot formation over the edectrode surface, and with sufficie'ut 
weighting gave a vc'iy reliable contact. The ele'ctre)de's wc're' se*parate'd 
by an inte'rval e)f 25 mm. Ix'ads to the' nmasuring apparatus were' e*arrie‘d 
through a spe'cial Bake'lite plug. The actual resistance' was measure'el 
by a ballistic method. A conde'iiser in se'rk's with the sample bridging the' 
electrode's was charge'd at a kne)wn voltage for a definite time', the'u elii-- 
charge'el thremgh a high se'usitivity ballistie' galvanomete'r. The he)e)k-up 



Fuj. 10. KU'Ctrode mounting. A and li, ctclu'd brass (*U‘ctrod(‘s; (\ "I'cnitc 


is she)wn diagrammatically in figure' 11. d'lu* aj)pli('el ve)ltage‘ anel the' 
capacity e)f the ('emde'iiser we're varie'd ae'e'emling te) the* eirelt'r e)r the' re'sist- 
ance' be'ing me'asure'd. 

The' me'asure'me'iit was niaele' by plaedng the* e*e)nelitie)ne*el e'e)ate'el plate* 
acre>ss the* e'le'ctre)de*s, we'ighting with a 2-kg. we'ight te) insure'ge)e)el e*e)ntae't, 
charging for a ele'finite' le*ngth e)f time, anel ne)ting the' ele'fle'Ction e)f the' 
galvanometer on discharge. 

The re'sistance was calculate'd according te) the eeiuation: 


2.303 



T 

liC 


or 


li 


T 


^ Our thanks arc due* to Mr. G, Wilhe'lm of the* Photoeuigraving l)(*partmcnt of 
these Laboratories for the engraving. 
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in which d» “ deflection when condenser is completely charged, 
dr — deflection at time T, 

T = time of charging in seconds, 

C = capacity of condenser in microfarads, and 
R — unknown resistance in megohms. 


R 




THICKNESS OF COM'IHS 


Fig. 11 Fig. 12 

Fig. 11. Hook-up for measurement of resistance. V “ voltmeter; R •• unknown 
resistance; C * high-grade mica condenser (a Leeds and Northrup variable con¬ 
denser); G — high-sensitivity ballistic galvanometer; D.R. — damping resistance 
(40,000 ohms); D.S. — discharge switch. 

Fig. 12. Effect of thickness of coating on conductivity of emulsion A; pH, 6.3; 
relative humidity, 45 per cent; temperature, 27.8'’C. 


The d^ for any charge up to 0.15 microcoulomb is determined by direct 
measurement. The d^ for charges greater than 0.16 microcoulomb is 
calculated from the equation: 

* “OIT ^ 

in vtiiich V *= applied voltage, C = capacity of condenser in microfarads, 
and do.ii * for a charge of 0.15 microcoulomb. All the conductivities 
are given for a 25-mm. separation of the electrodes. 

This method of determination and calculation was checked against the 
leakage method of determining hig^ retistance, using known high resist- 
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ances. The results obtained checked quite satisfactorily, as shown by 
table 5. 

TABLE 6 


Comparison of stated and experimentally determined values of resistances 


BBBIKTAMCB (GIVBM BT 

manttfactubbr) 

DKTBRMINBD RB8IBTARCB 

GhRrge and discharge method | 

Leakage method 

ohfM 

ohma 

ohma 

5.9 X 10® 

4.4 X 10® 

4.1 X 10® 

1.5 X 101® 

1.2 X 10“ 

1.19 X 10‘® 

1.6 X 10“ 

1.62 X 10« 

1.68 X 10“ 



Fiq. 13 



Fia. 14 


Fig. 13. Effect of concentration of potassium chloride on conductivity of deashed 
gelatin (Eastman Kodak No. 70) at pH 6.1 and a relative humidity of 48 per cent. 

Fio. 14. Effect of pH of gelatin sol at coating on conductivity of deashed gelatin 
(Eastman Kodak No. 70) at 27.8®C. and a relative humidity of 61 per cent. 


1 . Effect of thickness of coating 

Over the range of thickness studied the conductivity is directly propor¬ 
tional to the thickness (c/. figure 12). This shows that the conductance 
is a volume effect, in agreement with the conclusion of Marsh and Earp (13) 
on the electrical conductivity of wool fibers. 
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2 , The effect of neutral salts 

Coatings of gelatin (Eastman Kodak Company No. 70) at pH 6.1 were 
measured with varying content of potassium chloride (c/. figure 13). A 
similar result was obtained with potassium bromide in a gelatino-silver 
bromide emulsion. 


TABLE 6 

Effect of pH at coating on the conductivity of gelatin {Eastman Kodak No. 70) 
Temperature, 27.8®C.; relative humidity, 61 per cent 


CONDUCTIVITY 

mho» 


pH AT COATING 


3.17 

3.74 

4.14 

4.31 

4.77 

5.05 

5.5 

6.62 

7.8 

8.48 

9.95 


1.66 

X 

i(r»‘ 

1.5 

X 

lO'ii 

1.59 

X 

lO-*! 

1.07 

X 

lO'-i^ 

8.916 

X 

10-11 

1.81 

X 

10-»1 

3.19 

X 

10““ 

6.68 

X 

10-“ 

1.1 

X 

10-10 

1.1 

X 

10-10 

3.95 

X 

10-10 


WATKR IN SAIIPLB 

per cent 

15.05 

15.60 

15.5 

15.69 

16.55 

16.79 

16.96 

17.41 

18.45 

18.48 

17.77 (?) 


TABLE 7 

Effect of pH at coating on the conductivity of gelatin {Eastman Kodak No, 70) 


Temperature, 27.8°C.; relative humidity, 48 per cent 


pH AT COATING 

CONDUCTIVITY 

I 

WATER IN SAMPLE 


mhos 

par cent 

2.19 

4.25 X 10““ : 

11.5 

3.23 

7.07 X 10-“ 

15.15 

3.82 

7,36 X 10““ 

16.6 

4.42 

4.69 X 10-“ 

16.15 

4.83 

5.0 X 10““ 

16.7 

5.61 

1.18 X 10-“ 

16.95 


3, Effect of pH 

Solutions of deashed gelatin (Eastman Kodak No. 70) were adjusted to 
various pH values with sulfuric acid and sodium hydroxide, the pH values 
being measured with a glass electrode prior to coating. The coatings, 
after dr3ring at 24®C. and 47 per cent relative humidity, were conditioned 
at 61 per cent relative humidity. Control samples were identically treated 
to obtain moisture contents, and the conductivities were measured. The 
data obtained are given in tables 6 and 7 and are graphed in figure 14. 
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These results show some indication of a minimum conductance at the iso¬ 
electric point pH 4.77.® The moisture regain values, as noted before, do 
not show this. Further data definitely establish this (c/. figure 16), and 
the presence of solid silver halide, as in photographic emulsions, did not 
interfere. The divergence in character of the effect of pH on moisture 
adsorption and on electrical conductance will be discussed later. Here it 




Fio. 16. Effect of pH of gelatin sol at coating on the conductivity of deashed 
g?latin (Eastman Kodak No. 70) at 27.8^0. and a relative humidity of 48 per cent. 

Fia. 16. Effect of water content of sample on the conductivity of gelatin and of 
photographic emulsions at 27.8^C. Plot of log conductivity against log water 
content of sample. O, deashed gelatin (Eastman Kodak No. 70), pH 6.10; X, photo¬ 
graphic emulsion A, pH 6.20; photographic emulsion B, pH 6.21; A, photographic 
emulsion C, pH 6.14; □, photographic emulsion D, pH 6.21. 

should be noted that the contour of the graphs of conductivity against pH 
given here is not a correct representation of the actual relation, because 
the water content—at the same relative humidity —is varying also with 
the pH (c/. figure 2). The correct comparison would be conductivities of 
gelatins of different pH but constant water content. This means changing 

^ This result is in agreement with that obtained by W. S. Denham, E. A. Hulton, 
and T. Lonsdale (Trans. Faraday Soc. 81, 511 (1935)), who reported that the re¬ 
sistance of silk cloth showed a maximum at a pH ca. 4.2. They considered this 
pH to be approximately the pH of the isoelectric point of thin silk. 
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the relative humidity to secure the constant moisture content, and such 
determinations are being made. But it is evident that this can only tend 
to narrow the amplitude of the graph and increase the sharpness of the 
minimum in the neighborhood of the isoelectric point. 



Fio. 17. Effect of water content of sample on the conductivity of gelatin and of 
photographic emulsions at 27.8^C. Plot of log conductivity against water content 
of sample. 0, deashed gelatin (Eastman Kodak No. 70), pH 6.10; n, photographic 
emulsion A, pH 6.20; •, photographic emulsion B, pH 6.21; X, photographic emul¬ 
sion C, pH 6.14; O, photographic emulsion D, pH 6.21; A, photographic emulsion E, 
pH 8.2. 


4 , Relative humidity, moisture content, and conductivity 

Measurements were made on gelatin (Eastman Kodak No. 70) condi¬ 
tioned at various humidities. The experiments were started at 69 per 
cent relative humidity, and the humidities were progressively reduced. 
Moisture contents were determined in a similar order. In any such series, 
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the measurements should alwa 3 r 8 be made on the same sample throughout) 
and with the humidity varied progressively in one direction or the other, 
on account of the hysteresis. 

Data obtained have been plotted logarithmically (see figures 16 and 17) 
over a considerable range—from 20 to 70 per cent relative humidity. The 
logarithm of the conductivity is a linear function of the logarithm of the 
water content. This relation was found to hold for cotton thread by 
Murphy and coworkers (15) and was confirmed by Marsh and Earp (13) 
for wool fibers. It is evident from the shape of the moisture sorption 
isotherms that this relation cannot hold over the whole isotherm. 
Walker (24) has suggested different empirical equations, of logarithmic 
type, depending upon^jlie order of the moisture regain. Over a somewhat 
more restricted range, it is possible to get a linear relation between the 
logarithm of the conductivity and the moisture content itself.® The rela¬ 
tions suggested by Walker are, on conversion to conductivities: 

Below 3 per cent moisture content (JIf .C.): 

logioX = Ai{M,C,) + Si 

Between 3 and 10 per cent moisture content: 

logioX == A2 logio(Af.C.) + S2 

Between 10 per cent moisture content and saturation: 

logioX = As{R,H,) + So 

Walker points out that the slope constant A depends (among other factors) 
on the history or pretreatment (hysteresis). 

DISCUSSION 

The most interesting results of these conductivity measurements for 
the nature of gelatin gels is the apparent discrepancy between the effect 
of change of pH on moisture regain and on electrical conductivity, respec¬ 
tively. In the latter case the results indicate that the electrical condition— 
and some value corresponding to pH—exists in the xerogel and is deter¬ 
mined by the pH of the sol before drying. This is shown by the shape of 
the conductance~pH curve. On the other hand, this does not hold for 
the actual adsorption of water. The explanation may lie in a lowered 
intramicellar sorption of water vapor at low pH values, while surface or 
intermicellar sorption may remain sufficient to affect the conductance. 

The relation of the absorption of liquid water, and the swelling of gelatin 
at different pH values, has been rather successfully (quantitatively) ac¬ 
counted for by application of the Donnan membrane equilibrium theory 
to the osmotic pressures set up (3). The concentrations of certain ions 

* This relation has been used by Mr. H. Pinoir, in unpublished work of the Re¬ 
search Laboratory of the Kodak-Path4 Company in France. 
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inside the gelatin (membrane) will differ from those in the liquid outside 
because of the non-diffusibility of the gelatin (dipole) ions. However, it 
must be noted that there are other hydrophilic properties which are not so 
readily explained on this basis. One of these is the still considerable 
swelling of isoelectric gelatin in water. Northrop and Kunitz (10) have 
attempted to explain this on lines consistent with the membrane theory 
by postulating that gelatin consists inherently of an insoluble and a 
soluble (at low temperatures) component. The latter, in sols, is supposed 
to form minute sacs or capsules enclosing the soluble portion. The sacs 
are supposed to be permeable to water, but not to the ^^soluble” gelatin. 
Also, they are capable of elastic distention. At the isoelectric point 
they absorb water until the osmotic pressure of this solution balances the 
elastic resistance of the sac wall. These authors consider that they had 
given experimental support for this conception by fractionating out from 
gelatin an insoluble component, repetition of their procedure producing 
smaller increments of the insoluble portion, but an increasingly “soluble^^ 
residue. We consider it probable that the ‘^insoluble fraction^^ of Northrop 
and Kunitz is actually nothing but the ‘^coagulable protein,or albuminous 
impurity, present more or less in all gelatins. Evidence for this has been 
presented by Sheppard and Hudson (19). If this is the case, the swelling 
at the isoelectric point is not connected with “insoluble capsules,’^ but is a 
phenomenon general with high molecular substances, although they may 
be organophile or hydrophile. 

The other property referred to is the relation of viscosity of gelatin solu¬ 
tions to pH. As showm previously by two of the present authors (18), 
wliile the viscosity, in consequence of hydrolysis, (above a certain tempera¬ 
ture) steadily diminishes with time, there is an initial relation of viscosity 
to pH which is similar to that between swelling and pH. Loeb (12), who 
used solutions actually at too low temperatures, considered that the vis- 
cosity-pH characteristic was, equally with swelling, determined by mem¬ 
brane equilibrium, but in the sol by independent micellar capsules,—a 
view, as will be seen, somewhat similar to Northrop and Kunitz^s picture. 
However, there is considerable evidence, which cannot be discussed here, 
that the “micelles** in gelatin solutions above a certain temperature are 
either the long-chain macromolecules of the polypeptide, or else casual 
“knots** or tangles of such macromolecules. Whether such kinetic ele¬ 
ments as these could enforce a Donnan equilibrium appears doubtful. 
The general features of the viscosity-pH relation remain the same even in 
very dilute solutions,^ so that it appears to be a direct consequence of the 
relation of the molecidar (zwitter ion) constitution to pH. This is sub¬ 
stantiated by the electrometric titration curves of gelatin, i.e., the acid 
base combination as function of pH. Moreover, amino acids themselves 

^ Work done in these Laboratories; to be published. 
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show an electroviscous effect varying with the pH. It becomes necessary 
to consider the bearing of x-ray diffraction and optical (birefringence) 
studies of gelatin on the problem of moisture adsorption. Elarly investiga¬ 
tions by J. R. Katz and O. Gemgross (9) indicated a rather complicated 
x-ray diffraction diagram. Arguing from Katz’ observation of a para- 
crystalline condition in stretched rubber, Gemgross (4) tried the effect of 
stretching gelatin gels, and found that the dried stretched gelatin gave a 
quasi-fiber diagram very similar to that given by collagen. Trillat (23) 
concluded from his x-ray study of gelatin that it consisted of a highly 
polymerized portion mixed with a less polymerized portion. In 1930, 
K. Herrmann, O. Gemgross and W. Abitz (5) made more extended studies, 
including the effect of swelling in water. In unstretched “air-dry” gelatin 
they distinguished the diffraction rings shown in table 8. While Ii, Is, S, 
and K had the appearance of crystalline interferences, either from very 


TABLE 8 

Diffraction rings in unstretehed “air-dry” gelatin 


NAIIB 

d BBAOO 

BBMABK8 

II . 

i. 

23.0 

11.3 

7.6 

2.8 

4.3 

2.1 

Only with chromium radiation; apparently crystalline 
interference 

Apparently crystalline interference 

Only on very long exposure (faint); apparently crystalline 
interference 

Apparently crystalline interference 

With copper radiation; Debye camera 

I,. 

s. 

K. 

Fi. 

Ff. 



small crystallites, or imperfect lattices, the F halos resembled more “liquid” 
halos. They could not be attributed to water, and indicate a completely 
amorphous component or constituent. 

The effect of swelling with water on the x-ray interferences is significant, 
as shown in table 9. 

Of the so-called crystalline interference rings, K remains completely 
unaffected, while Is is steadily widened with increased swelling. The con¬ 
clusion is that water is taken up voithin the crystallite or micelle (intra- 
micellar swelling, according to Katz) but only in a preferred direction. 
This anisotropy of water sorption is confirmed by many other (macro¬ 
scopic) phenomena, particularly birefringence (20). It appears that the 
swelling is oriented so that water is taken up oirly between the principal 
valency chains, or, in terms of the polypeptide picture of protein structure, 
in extending the side-chun interval. These results were confirmed and 
amplified by J. R. Katz and J. C. Derksen (7), who corrdated the swell- 
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ing of a gelatin* in water vapor with the x-ray diffraction. Operating both 
in the direction moist dry and dry moist, they observed that the 
hysteresis had little effect (on the x-ray spectrum as a function of moisture). 
No discontinuity was observed either in the sorption isotherm or in the 
x-ray diffraction series. 

These workers observed further that at low humidities, or low moisture 
content, the x-ray diagram indicated only amorphous material. They 
pointed out the resemblance of this to the amorphous a-gelatin state 
observed (8) in a melted gelatin gel of about 15 per cent water, indicating 
that, on melting, the gelatin becomes dehydrated. The x-ray analysis 
of gelatin and of other proteins has been investigated by W. T. Astbury 
and collaborators (1, 2). In the case of gelatin, Astbury suggests as the 
^^principar^ spacing of the polypeptide chain, the 2.8 A. ring, regarding the 
actual spacing as three condensed amino acid residues with a slight con¬ 
traction due to twist, equal, therefore, to 8.4 A., —some evidence for which 

TABLE 9 


Diffraction interval from Bragg*e equation 


KAMB 

BATtO or DBT GBLATIH TO WATBR 

1:0 

Dry 

1:0.18 

Air-dry 

1:0.50 

1:2.5 

1:8.7 

1:4.8 

Ii . 

10.4 

11.3 

13.0 

17.1 



s. 

A 

7.5 

7.5 


7.5 

7.5 

K. 

2.8 

2.8 

2.8 


2.8 

2.8 

F,. 

4.4 

4.3 

3.7 


3.6 

3.3 


* pH values, origin, etc. not given. 


was found by G. von Susich (14). This he regards as in agreement with 
the rather large ‘^side-chain’' spacings of 5 A.* and 11 A. 

In dried sheets, the crystallite orientation is undoubtedly with the axes 
or the chains, parallel to the plane of the sheet (20). There is also definite 
evidence that, in specimens dried to the same moisture content, but in 
one case at higher, and in the other at lower temperatures, the planar 
orientation of the crystallites is more marked in the latter, with consequent 
greater preponderance of side chains perpendicular to the surface. Dif¬ 
ferences in lateral swelling in water parallel this arrangement. 

If we apply these conclusions to the sorption of water vapor in relation 
to pH (c/. figure 3), it appears probable that on the acidic side of the iso¬ 
electric point—or from a certain pH down—there is an increasing inter¬ 
locking of side-chain groups which is not unloosed by water vapor, per- 

• pH values, origin, etc. were not given. 

* Apparently the 4.6 A. spacing of Katz et al,, which gets narrower on moistening. 
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haps because the water molecules caniiot achieve favorable penetration 
and orientation. The amorphous a-gelatin structure described by Katz 
et al, at low humidities would probably favor this. Whether it is due to 
association of carboxyl groups or to some type of lactonization cannot yet 
be stated. 

SUMMARY 

1 . The sorption of water vapor by dry gelatin has been studied at 25®C., 
using two types of *‘ash-free,” purified gelatin, viz, ‘‘lime-processed^^ 
gelatin, isoelectric point pH 4.8, and “acid-processed’’ gelatin, isoelectric 
point pH 8.2. Little difference was observed until the vapor pressure 
approached saturation, when the “lime-processed” material showed greater 
adsorption. 

2. The adsorption (and desorption) isotherms are curves of double 
flexure, resembling those obtained with cotton cellulose, wool, silk, and 
other fibrous materials. 

3. The moisture regain varies with pH (of the sol at coating), decreasing 
from high to low pH, but no minimum was found at the isoelectric point. 

4. The electrical conductivity increases with moisture content, as found 
for cotton and wool. Over a considerable range the logarithm of the 
conductance is a linear function of the moisture content. 

5. The electrical conductance shows a decided minimum at the iso¬ 
electric point. 

6. The results are discussed in connection with x-ray diffraction studies 
of the structure of gelatin. The sorption of water vapor appears to be 
largely conditioned by the fine structure of the xerogel, but this again is 
conditioned by chemical interactions of the protein molecules. 
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INTRODUCTION 

In the field of solubility in deuterium water, little work has hitherto 
been published (32, 28, 21). In the present article we contribute the 
results of solubility measurements, with a 1 per cent accuracy, of fifteen 
solids in deuterium water, with a comparison of analogous systems in 
ordinary water, embracing temperatures in the range from near 0®C. 
to 105-180®C. It is hoped that the collection of such data of reasonably 
good precision and through a wide temperature range may help in throw¬ 
ing light on the general question of solubility in non-ideal solutions. 

METHOD 

The method used was that described by Menzies (20), which uses about 
1 g. of solvent (later completely recovered), gives an accuracy of the order 
of 1 per cent, and is adaptable to both high and low solubilities and to high 

' This article reports essential portions of the dissertation presented by Robert D. 
Eddy to the Faculty of Princeton University in partial fulfillment of the require¬ 
ments for the degree of Doctor of Philosophy, October, 1938. 

* Present address: Department of Chemistry, Tufts College, Massachusetts. 
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and low temperatures. The detmls of the apparatus have been set forth 
in earlier publications (20, 21), but, in order to assist others who may wish 
to use this method, certain comments are here added to the earlier de¬ 
scriptions. 

(a) Before opening the seal after the apparatus has been charged, it is 
well to reduce the aqueous pressure above the water by cooling it. Other¬ 
wise a portion of the seal when melted may be carried over into and 
admixed with the solid under investigation, (b) It is better to place the 
constriction for the seal on the side of the apparatus distant from, rather 
than next to, the part containing the solute, (c) A mixture of silver 
chloride with silver iodide containing 43.9 molecular per cent of the former 
was found most satisfactory, (d) Silver iodide containing, as here used, 
a low concentration of silver chloride in solid solution undergoes enan- 
tiomorphic change somewhat below 136®C. The (cubic) high-temperature 
form has a smaller specific volume than the (hexagonal) low-temperature 



Fio. 1. Contraction of a solid in an hour-glass container 

form. For this reason, the seal is particularly close-fitting below 135°C. 
In order that leakage shall not occur immediately above it is es¬ 

sential that the constriction in the glass which is to be closed by the silver 
salts shall be of hour-glass shape, and not merely tubular. Consideration 
of the adjacent schematic diagram (figure 1) will show that, if the plug of 
silver halides occupies the volume AABB at 130®C., it may be expected to 
occupy the new volume A'A'B'B' at IdCC. and that the plug will still 
be tight because it shrinks alike in each dimension, (e) B^ause of the 
considerable increase in volume of silver iodide (3) as it passes upon 
cooling through its inversion point above ISfi^C., mixtures of the chloride 
and iodide that are too rich in iodide may cause fracture of a thick-walled 
cylindrical Pyrex capillary when the temperature falls below 136®C. 
(J) Complete assurance of absence of leakage through the seal is furnished 
by identity of the volume of unused water before tmd after each experi¬ 
ment. (g) Because of the high viscoaty eidiibited by certain of the solu¬ 
tions encountered in the present work, the dimensions of the tube containing 



SOLUBILITIES IN DEUTEEIUM WATER 


200 


the solute were modified from their former values to a length of 6 cm. and 
a bore of 8 mm. This tube was attached to the rest of the apparatus 
through an upright tube of 6-mm. bore, (h) A few graduations were etched 
upon the tube that contained the solution, so that its volume at any 
temperature could be measured as an aid in determining the volume of 
water present above the solution in the vapor phase. 

Securing and measuring temperatures for equilibrium 

For temperatures below 25®C., the apparatus was, in a few cases, im¬ 
mersed in a stirred water thermostat of 320-liter8 capacity. More usually, 
for all temperatures below 85®C., the apparatus was submerged in a 4- 
liter beaker of water, suitably jacketed and adequately stirred. Heat was 
supplied either by the air of the room (when this was warmer than the 
experimental vessel), by the lamp bulb used for illumination, suitably 
screened, or by the additional aid of two knife-form resistance heaters 
supplied with regulated and metered current. For temperatures above 
85°C., the apparatus was placed in a well-insulated air oven, of 1-cu. ft. 
capacity, with strong internal illumination, distributed heating elements 
supplied with metered and controlled current, and fan stirring. 

Temperatures were measured as previously described (20) but in certain 
cases with an accuracy of ±0.02®C. instead of ±0.1^0. in the region below 
85®C., as controlled by certificated thermometers. 

Correction for weight of water in the vapor phase 

The volume of such water vapor, which is obviously absent from the 
liquid solution, was readily obtained from the known volume of the 
apparatus. But recorded values for the aqueous pressure over the satu¬ 
rated salt solutions at various temperatures are scanty in the case of solu¬ 
tions in ordinary water and entirely lacking for solutions in deuterium water. 
The value of such correction becomes significant only above 70®C. In the 
present work, the correction exceeded 2.7 per cent of the solubility value 
only in one case, an observation at 203.8®C. It can thus be understood 
that a knowledge of the aqueous pressure over the saturated solutions need 
not usually be more accurate than 5 per cent, and this only for tempera¬ 
tures above 160®C. A sufficiently accurate value of the aqueous pressures 
over saturated solutions in deuterium water could be obtained by reducing 
the values for solutions of like concentration in ordinary water in the ratio 
of the vapor pressure of pure deuterium water to that of ordinary water at 
the temperature concerned. These ratios are known (22). 

In order to obtain estimates of the aqueous pressure over our solutions 
in ordinary water, we employed the method of plotting R, relative molal 
lowering, against molal concentration (18), utilizing the values of R for 
100*^0. found in the International CrUieal TMes (16 (b)). When the change 
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of R with temperature for identical solutions was known it was small in 
amount, but due correction was applied for such departure from Babo^s 
law. In case better values for these aqueous pressures should later be¬ 
come available, we have been careful to state in the ^^a'^ tables below the ac¬ 
tual values of the pressures as used by us for this correction in each case. 

In the case of sodium sulfate, direct measurements of the aqueous pres¬ 
sure over its saturated solutions were available. In the cases of cadmium 
iodide and merquric chloride we were able with some confidence to utilize 
Raoult^s law to obtain approximate values. The work of Beckmann (1) 
and of Landsberger (17) has shown that aqueous solutions of these salts 
are little abnormal. 


PURITY OF MATERIALS 

Ordinary water. Water from a block-tin still of 350-gallons capacity 
was boiled in a Pyrex flask for 10 min., and then the flask was stoppered, 
to keep out air. Investigation had previously shown that the specific 
conductivity of water thus treated is 5.3 X 10“® mhos. 

Deuterium water. Thirty cubic centimeters of a 2 per cent solution of 
sodium deuteroxide in 92 per cent deuterium water was electrolyzed to 
one-sixth of its volume. This was normalized with dried carbon dioxide 
and distilled twice under reduced pressure at 60®C. The resulting water 
had a freezing point of 3.80®C.dh0.02°, corresponding to a purity of 
99.4 per cent. Of the original 6 cc. prepared, but 1 cc. remained at the 
end, the rest having been lost by accidental dilution during the course of 
the investigation. 

Sodium chloride. Merckxs ‘^reagent’' sodium carbonate was recrystal¬ 
lized twice above 36®C., and sodium chloride was obtained from this by 
precipitation from a concentrated solution with an excess of redistilled 
Grasselli ‘^reagent^' hydrochloric acid. This was twice recrystallized from 
distilled water, and dried by heating to incipient fusion for 20 min. 

Sodium bromide. Baker’s c.p. sodium bromate was recrystallized twice 
from water and then decomposed by fusion to sodium bromide. Fusion 
was continued until the addition of a few drops of sulfuric acid to a solution 
of the salt failed to give a brown coloration. This salt was recrystallized 
twice from distilled water and dried at 400®C. for 2 hr. 

Sodium iodide. Baker’s c.p. ammonium iodide and Merck’s ‘"reagent” 
sodium carbonate were recrystallied twice from water solution, the latter 
above 36®C. An excess of the ammonium iodide was added to a concen¬ 
trated solution of the sodium carbonate, the resulting solution evaporated, 
and the solid material heated to fusion. The salt was then recrystallized 
three times from water, and dried for 3 hr. at 350®C. A solution of this 
salt was foimd to be colorless and neutral to litmus. 

Sodium mlfate. Merck’s ‘"reagent” sodium sulfate was recrystallized 
three times above 36®C. and dried for 2 hr. at 600®C. 
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Potassium bromide, Merckxs “reagent^^ potassium bromate was twice 
recrystallized from water and then decomposed by fusion in the same 
manner as was the sodium bromate. The resulting potassium bromide 
was recrystallized twice from water and dried by heating to 500°C. for 
2 hr. 

Potassium iodide, Baker^s c.p. potassium iodide was recrystallized 
three times from water and dried for 3 hr. at 350®C. 

Barium chloride. Baker's “reagent" barium chloride was recrystallized 
once from water alone and twice by dissolving it in a minimum amount of 
water and precipitating it by the addition of alcohol. It was again re¬ 
crystallized from water and dried for 3 hr. at 350°C. 

Cadmium iodide, Merck's “reagent" cadmium iodide was recrystallized 
once from water solution, once from 95 per cent ethyl alcohol solution, and 
again from water solution. It was then dried for 2 days at 150®C. 

Mercuric chloride. Baker's “reagent” mercuric chloride was tested for 
impurities and used without further purification. It was dried for 2 days 
at 150®C. 

MANNER OP CALCULATING AND OF STATING RESULTS, AND THEIR ESTIMATED 

ACCURACY 

Solubilities arc here stated in number of moles of anhydrous salt per 56.51 
moles of water considered as H 2 O or D 2 O, respectively, conformably to the 
l)ractice of Internatioml Critical Tables, This we shall call the molal 
solubility. The method of reducing the experimental results has been 
already described elsewhere (28). The density of our (99.4 per cent) 
deuterium water was taken as dll* = 1.1076. The molecular weight of 
was taken as 1.0081 and of as 2.0134. 

For each salt two tables are given; those lettered “a" stating experi¬ 
mental values and those lettered “b" stating values at rounded tempera¬ 
tures obtained by the graphic method outlined elsewhere (20). 

In both “a" and “b” tables, T signifies temperature Centigrade, M 
molal solubility as above defined; m following a value of M means that 
the solid phase is metastable. 

In “a" tables, S refers to the grams of anhydrous salt used in the ap¬ 
paratus, W to the number of grams of water measured into the solution 
side of the apparatus, V to the estimated volume of the vapor phase in 
cubic centimeters, P to the estimated pressure of the water vapor in milli¬ 
meters of mercury, C to the number of grams of water calculated to be 
present as vapor. The letter “a" following a few values of S in tables 
4a, 5a, and 9a indicates that these points were obtained by measurements 
made in individual sealed Pyrex tubes by the customary synthetic method. 

In “b" tables, in which the style and S 3 rmbology of International Critical 
Tables have been followed, the heading “I.C.T." designates values of Mhio 
extracted from these tables, an asterisk * indicates a value of derived 
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from other work not our own, D represents Mbm> ~ MjMOt represents 
D X IOO/MhiO) fuid U placed alter a value of M indicates that a transition 
in the solid phase occurs at this concentration and temperature. 

A discussion of error in this method of solubility determination has been 
given elsewhere (20). It may be stated broadly that molal solubilities 
are estimated to be accurate within 1 per cent. Since the difference values 
tabulated imder D and %D are arrived at by subtraction of two much 
larger quantities, their percentage error is much higher and can be esti¬ 
mated by inspection of the molal solubilities from which they are derived. 
The terminal digits of these values therefore often lack rigid significance. 


TABLE la 

Obterved solubility of sodium chloride (S8.4S4) in ordinary water and in deuterium water 

(1) Ordinary water 


T 

a 

w 

V 

1 

P 

c 

M 

•c. 

Ifranu 

graniB 

ee. 

mm. 1 

gram» 



0.3394 


3.21 

aoi. 

0.0016 1 

6.69 

les.a 

0.3394 


3.17 

3968. 

0.0082 

7.64 


(2) Deuterium water 


T 

8 

W 

F 

P 

C 

M 

•c. 

ffram$ 

fframt 

cc. 

mm. 

grams 


-3.8 

0.3040 

1.0464 1 




5.53 

1.7 

0.3040 

1.0356 ! 




5.58 

11.7 1 

0.3040 

1.0181 j 




5.68 

19.7 

0.2763 

0.9134 




5.73 

28.2 

0.3040 

0.9957 




5.81 

61.5 

0.2753 

0.8679 

i 



6.04 

110.8 

0.2753 

0.8007 

3.51 

787. 

0.0023 

6.55 

144.1 

0.3040 

0.8400 

3.33 

2166. 

0.0066 

6.92 

180.3 

0.3040 

0.7910 

3.40 

5258. 

0.0127 

7.42 


The accuracy of transition temperatures arrived at from points of inter¬ 
section of solubility curves is dependent on their angle of intersection, and 
absolute values can seldom be expected to be better than ±0.2®C. in the 
present work. 


COMMENTS UPON THE INDIVIDUAL SAVrS 

Sodium chloride. The values for the molal solubility of this salt in or¬ 
dinary water as given in International Critical Tables are stated to have an 
estimated accuracy of 0.2 per cent below 55®C., and of 0.5 per cent in the 
range 60®C. to 110*C., above which the accuracy is unknown. As tests in 
the higher temperature ranges we made the two measurements recorded 
in table la. At 101.9®C. and 168.3°C. the molal solubilities found were 
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6.60 and 7.64, respectively, while interpolation from I.C.T. values yields 
6.72 and 7.55. This concordance was sufficiently satisfactory to warrant 

TABLE lb 


Solubilitiu of sodium chloride in ordinary water and in deuterium water at rounded 

temperatures 


T 

I . C . T . 

^DtO 


%D 

•c. 



1 


-6 


( 6 . 63 ) 



0 

6.10 m 

5.56 

0.54 • 

8 .. 

0.15 

6.10 U 

5.56 

0.54 

8 .. 

5 

6.10 

5.60 

0.50 

8 .. 

10 

6.11 

5.64 

0.47 

7 ., 

15 

6.12 

5.68 

0.44 

7 .t 

20 

6.13 

5.72 

0.41 

6 ., 

25 

6.145 

5.76 

0.385 

6.1 

30 

6.165 

5.79 

0.375 

6 ., 

35 

6.18 

5.83 

0.35 

6.1 

40 

6.215 

5.87 

0.345 

6 .. 

45 

6.24 

5.91 

0.33 

5.1 

50 

6.26 

5.95 

0.31 

5.0 

55 

6.29 

5.99 

0.30 

4 ., 

60 

6.33 

6.03 

0.30 

4.T 

65 

6.37 

6.07 

0.30 

4.7 

70 

6.41 

6.12 

0.29 

4.5 

75 

6.45 

6.16 

0.29 

4., 

80 

6.50 

6.21 

0.29 

4 ., 

85 

6.55 

6.26 

0.29 

4.4 

90 

6.60 

6.31 

0.29 

4.4 

95 

6.65 

6.36 

0.29 

4.4 

100 

6.70 

6.42 

0.28 

4.t 

105 


6.47 



no 

6.81 

6.52 

0.29 

4., 

115 


6.58 



120 

6.93 

6.64 

0.29 

4.t 

125 


6.70 



ISO 

7.06 

6.76 

0.30 

4.0 

135 


6.82 



140 

7.19 

6.88 

j 0.31 

4 ., 

145 


6.95 



150 

7.32 

7.01 

0.31 

4.1 

155 


7.08 



160 

7.45 

7.14 

0.31 1 

4.0 

165 


7.21 



170 

7.58 

7.28 

0.30 

4.0 

175 


7.35 



180 

7.71 

7.42 

0.29 

3.0 


our utilising unchanged the I.C.T. values for the solubility of sodium chlo¬ 
ride in ordinary water. 
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One determination of the solubility of sodium chloride in 92 per cent 
deuterium water at 25®C, is to be found in the literature (32). Converted 
to molal solubility in 100 per cent deuterium water on the assumption that 
divergencies in solubility are linear with the change in solvent, this de¬ 
termination gives ilfotO = 5.72 at 25®C., with which our value, 6.76, is in 
satisfactory concordance. 

Sodium bromide. Values for the solubility in ordinary water of this salt 
are reported in I.C.T. up to 120®C. Only, and with an estimated accuracy 
of 2 per cent. We believe their accuracy is higher than this, for no one 
of these values differs by as much as 2 per cent from the values reported 
by us in table 2b. Intersection of our solubility curves for the dihydratc 
and the anhydrous salt occurs at 50.8®C. Richards and Wells (26) re¬ 
ported 50.67®C. for this transition temperature. 

In the case of the corresponding system with deuterium water, our value 
of 47.4®C. for the transition temperature may be compared with that of 
Bell (2), 47,7°C. 

Sodium iodide, I.C.T. reports values for solubility in ordinary water only 
to 100®C., with an accuracy estimated at 2 per cent. We believe the degree 
of accuracy is here again understated, for our values, reported in table 3b, 
in no case diverge by as much as 2 per cent. The temperature of the tran¬ 
sition from dihydrate to anhydrous sodium iodide is given by Panfilow 
(23) as 64.3®C. and by I.C.T. as 68.9®C. Our solubility curves for these 
salts intersect at 68.2®C. For the analogous system with deuterium water 
our value is 66.0®C. 

While seeking for metastable pohits on the solubility curves of the an¬ 
hydrous salts below these transition temperatures, we discovered the 
existence of a metastable hydrate which has not hitherto been reported. 
Three experimental points on the solubility curve of this new hydrate are 
shown in table 3a, as are also three points on the solubility curve of the 
analogous deuterate. The temperatures of transition to anhydrous salt, 
as shown by the points of intersection of the appropriate solubility curves, 
are 60.0®C. and 58.2®C. for hydrate and deuterate, respectively. We were 
unable to determine with certainty the formulae of these new compounds 
because of their instability when removed from a closed glass system. 

Sodium sulfate. At temperatures below 50®C. the viscosity of the solu¬ 
tions caused some inconvenience. Since the solubility of the decahydrate 
has been much studied, the values of I.C.T. are there stated to have a 1 
per cent accuracy. We therefore confined ourselves to a single measure¬ 
ment at 24.8®C., which showed concordance to 0.5 per cent with these 
values. 

In the case of the metastable heptahydrate, the experimental work has 
been scanty (10, 19, 24) and has been interpreted very differently by dif¬ 
ferent tabulators. As a consequence of this, the transition temperature 
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Observed solubility of sodium bromide (WB.91S) in ordinary water and in 

deuterium water 
(1) Ordinary water 

T 8 w V p c M 


NaBr*2H20 


•e. 

-3.1 

8.4 

24.3 

40.6 

49.0 

60.U 

50.06 

graiM 

1.0074 

1.0074 

1.0074 

1.0074 

1.0074 

1.0074 

1.0074 

oramt 

1.2852 

1.1912 

1.0681 

0.9443 

0.8771 

0.8658 

0.8578 

ee. 

I »nm. 

grams 

1 

1 

7.62 

8.22 

1 9.16 

10.37 
! 11.16 

11.31 
11.41 m 

NaBr 

47.1 

1.0074 

0.8605 




11.38 m 

53.9 

1.0074 1 

0.8578 




11.41 

72.9 

1.0074 

0.8465 




11.56 

97.3 

1.0074 

0.8278 

3.21 

348. 

0.0009 

11.84 

120.1 

1.0074 i 

0.8059 

3.25 

730. 

0.0017 

12.17 

144.6 

1.0074 

0.7739 

3.30 

1440. 

0.0033 

12.70 

171.2 

1.0074 I 

0.7380 

3.38 

2599. 

0.0057 

13.37 

(2) Deuterium water 

T 

a 

w 

1 

V 

P 

C 

1 " 


NaBr-2DiO 


•c. 

grams 

grams 

oe. mm. 

grams 


-2.3 

0.6817 

0.9814 



7.60 

10.1 

0.6817 

0.9038 1 



8.15 

23.4 

0.6817 

0.8241 



8.94 

35.4 

0.6817 

0.7475 



9.85 

39.96 

0.9892 

i 1.0438 



10.24 

44.0 

0.6817 

! 0.6911 



; 10.66 

46.6 

0.6817 

0.6731 



10.94 

47.5 

0.6817 

0.6699 



10.99 m 


NaBr 


35.0 

0.6817 

0.6731 




10.94 m 

50.2 

0.6817 

0.6699 




10.99 

67.9 

0.6817 

0.6667 




11.05 

76.7 

0.6817 

0.6581 




11.19 

99.7 

0.6817 

0.6395 

3.50 

369. 

0.0011 

11.53 

122.9 

0.9892 

0.8979 

3.20 

786. 

0.0020 

11.92 

132.9 

0.6817 

0.6093 

3.56 

1023. 

0.0029 

12.14 

164.9 

0.6817 

0.5774 

3.63 

2297. 

0.0061 

12.88 
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TABLE 2b 


SolubUitiet of sodium bromide in ordinary mUer and in deuterium water a( rounded 
_ UmpenAuree _ 


T 

*HiO 

HQQHH 

*DK) 


%D 

NaBr*2Aq 

•c. 






-6 

(7.63) 


(7.37) 

0.16 

2.1 

0 

7.77 

7.71 

7.61 

0.16 

2.1 

5 

. 8.03 


7.86 

0.17 

2.1 

10 

8.30 

8.17 

8.13 

0.17 

2.. 

15 

8.59 


8.42 

0.17 

2.. 

20 

8.89 

8.77 

8.73 

0.16 

l.s 

25 

9.20 


9.07 

0.13 

1.4 

30 

9.54 

9.46 

9.44 

0.10 

1.0 

35 

9.91 


1 9.84 

0.07 

O.t 

40 

10.32 

10.31 

1 10.27 

0.05 

0.4 

45 

10.78 


10.75 

0.03 

0.. 

47.4 

10.98 


10.98 U 

0.00 

0.. 

50 

11.29 

11.29 U 




50.8 

(11.39) U 






NaBr 


35 



10.93 m 



40 



10.95 m 



45 

(11.37) 


10.97 m 

0.40 

3.4 

50 

11.38 

11.29 

11.00 

0.38 

3.i 

55 

11.41 


11.03 

0.38 

3.4 

60 

11.44 

11.38 

11.07 

0.37 

3.* 

65 

11.48 


11.11 

0.37 

3.S 

70 

11.52 


11.16 

0.36 

3.1 

75 

11.67 


11.21 

0.36 

3.1 

80 

11.62 

11.60 

11.27 

0.35 

3., 

85 

11.67 


11.33 

0.34 

2.4 

90 

11.73 


11.40 

0.33 

2.4 

95 

11.80 


11.47 

0.33 

2., 

100 

11.87 

11.84 

11.54 

0.33 

2.4 

105 

11.94 


11.62 

0.32 

2., 

no 

12.02 


11.70 

0.32 

2., 

115 

12.10 


11.78 

0.32 

2.t 

120 

12.19 

12.13 

11.87 

0.32 

2.4 

125 

12.28 


11.96 

0.32 

2.4 

130 

12.38 


12.06 

0.32 

2.4 

135 

12.49 


12.16 

0.33 

2.4 

140 

12.60 


12,27 

0.33 

2.4 

145 

12.71 


12.88 

0.33 

2.4 

150 

12.83 


12.49 

0.34 

2., 

155 

12.96 


12.61 

0.35 

2., 

160 

13.08 


12.74 

0.34 

2.4 

165 

13.22 


(12.87) 

0.35 

2.4 

170 

13.35 


(13.01) 

0.34 

2.4 
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TABLE 3a 

Observed soluhiliiy of sodium iodide (149.92) in ordinary water and in 
deuterium water 


(1) Ordinary water 


T 

8 

w 

V 

1 ^ 

1 ^ 

M 

NaI-2H,0 

•c. 

2.3 

gram$ 

1.4218 

granu 

0.8777 

ce. 

mm. 

grams 

10.81 

13.08 

2.2352 

1.2976 




11.49 

37.67 

2.2352 

1.0991 




13.56 

47.97 

2.2352 

0.9986 




14.93 

58.98 

2.2352 

0.8808 




16.93 

62.78 

2.2352 

0.8343 




17.87 

64.57 

2.2352 

0.8136 




18.32 

65.68 

2.2352 

0.7957 

a 



18.74 

67.6* 

2.5465 

0.8802 




19.30 

68.48 

2.5465 

0.8667 




19.60 m 


NaIa:H,0 


46.18 

2.2352 

0.8136 




18.32 m 

51.64 

2.2352 

0.7957 




18.74 m 

58.3o 

2.5465 

0.8802 




19.30 m 


Nal 


72.2, 

2.5465 

0.8667 




19.60 

85.2 

2.5465 

0.8567 




19.83 

103.0 

2.5465 

0.8437 




20.13 

126.9 

2.5465 

0.8161 

2.75 

384. 

0.0008 

20.83 

147.7 

2.5465 

0.7901 

2.77 

680. 

0.0013 

21.53 

182.9 

2.5465 

0.7410 

2.80 1 

1733. 

0.0031 

23.02 


(2) Deuterium water 


8 

W 

V 

p 

c 


NaL2D,0 


12.4 

1.5440 

1.0204 




11.22 

27.7t 

1.5440 

0.9211 




12.43 

42.5o 

1.5440 

0.8140 


1 


14.07 

54 .O 4 

2.2352 

1.0427 




15.89 

60.48 

2.2352 

0,9511 




17.43 

64.08 

2.4085 

0.9657 




18.49 

64.07 

2.2352 

0.8958 




18.49 

65.44 

2.2352 

0.8746 




18.95 

65.58 

2.4085 

0.9400 




19.00 


NalxDjO 


46.48 

2.4085 

0.9861 




18.11 m 

51.7 

2.2352 

0.8958 




18.50 m 

56.9o 

2.2352 

0.8746 




18.95 m 


Nal 


62.1 

2.4085 

0.9337 




19.13 m 

77,7 

2.4085 

0.9237 




19.33 

112.2 

2.4085 

0.8917 




20.03 
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TAfeLE 8b 


Soluhilities of sodium iodide in ordinary water and in deuterium water at rounded 

temperatures 


T 

"HO 

LC,T. 

^DiO 

D 

%D 

Nal- 2 Aq 

•C. 

! 



I 1 


0 

(10.68) 

10.72 

(10.47) 


2.0 

5 

10.96 


(10.75) 

0.21 

l.t 

10 

11.26 

11.31 

(11.06) 

0.21 

1. B 

15 

11.59 


11.39 

0.20 

l.T 

20 

11.95 

11.98 

11.77 

0.18 

1.5 

25 

12.34 


12.18 

0.16 

l.I 

30 

12.78 

12.75 

12.64 

0.14 

1.1 

35 

13.28 

* 

13.15 

0.13 

0.98 

40 

13.85 

13.75 

13.73 

0.12 

0.87 

45 

14.50 


14.40 

0.10 

0.6b 

50 

15.24 

15.13 

15.17 

0.07 

0.4« 

55 

16.10 


16.09 

0.01 

O.Ob 

60 

17.15 

17.18 

17.23 

-0.07 1 

-0.4i 

65 

18.47 


18.80 

-0.33 

~1.B 

66.0 

18.78 


(19.15) U 

-0.37 

-2.0 

68.2 

19.56 U 





68.0 


19.59 U 





Nal’xAq 


45 

(18.24) m 


(18.00) m 

0.24 

1.1 

50 

18.61 m 


18.39 m 

0.22 

i.» 

55 

19.01 m 


18.80 m 

0.21 

l.I 

58.2 

60.0 

19.26 m 
(19.43) m U 


(19.06) mU 

0.20 

1 .0 


Nal 


55 

(10.38) m 


(19.02) m 

0.36 

l.B 

60 

(19.44) m 


(19.08) m 

0.36 

1 .. 

65 

(19.61) m 


19.14 

0.37 

1 .. 

70 

(19.68) 

19.60 { 

19.21 

0.37 

!.• 

75 

19.65 


19.28 

0.37 

1 .. 

80 

19.72 

19.80 

19.36 

0.36 

1.8 

85 

19.80 

1 

19.45 

0.35 

1 .. 

90 

19.89 

20.00 

19.54 

0.35 

1 .. 

95 

19.99 


19.64 

0.35 

1 .. 

100 

20.10 

20.24 

19.75 

0.35 

l.T 

105 

20.22 


19.87 

0.35 

l.T 

no 

20.35 


19.99 

0.36 

l.I 

115 

20.48 


(20.12) 

0.36 

1.1 

120 

20.63 





125 

20.77 
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TABLE 3b— Concluded 


^HiO 


I.C.T. 


^D*0 


•c. 


130 

20.92 

135 

21.09 

140 

21.27 

145 

21.45 

150 

21.63 

155 

21.82 

160 

22.02 

165 

22.23 

170 

22.45 

175 

22.67 

180 

22.89 


Continued 


to anhydrous salt found as 24.4®C. from the data of Loewel (19) has 
been incorporated unchanged in numerous tables, while LC.T. prefers 
28.2®C. The appropriate intersection of our solubility curves lies at 
23.7®C. Since our work was completed, an accurate redetermination of 
this point has been undertaken by Washburn and Clem (34), who find 
23.465°C. 

The solubility of the anhydrous salt has been much studied, and the 
values of LC.T. are therein estimated as accurate to 1 per cent. We found 
this salt difficult to work with because of its small change in solubility with 
temperature, and, in this instance, do not prefer our values to those of 
LC.T. Only one of our experimental points (at 82.2°C.) gives, however, 
a solubility differing from these by more than 1 per cent. In comparing 
solubilities in deuterium water, we have, nevertheless, utilized our own 
values for solubility in ordinary water, since both our sets of experiments 
would be subject to similar systematic error (see table 4a). Our solubility 
curve for the anhydrous salt intersects the solubility curve for decahydrate 
based upon I.C.T. values at 32.5®C., while I.C.T. reports this intersection 
at 32.48®C. (16(c)). The accepted value is 32.384®C. (11, 25), which is 
raised only 0.01®C. by 35 additional atmospheres of pressure. 

In the case of the systems with deuterium water, we found the transition 
temperatures of deca- and hepta-deuterate to anhydrous salt as 34.2®C. 
and 26.7®C., respectively, from the points of intersection of the appropriate 
solubility curves. The former point has been reported by others at 
34.48®C. (31), 34.5°C. (2), and 34.6 34.9°C. (14); and the latter at 26.6 - 
27.0®C. (14). 

Potassium chloride. The solubility of this salt in ordinary water and in 
deuterium water has already been studied in this laboratory (28). Because 
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TABLE 4a 


Observed soluhiliiy of sodium sulfate (HBM) in ordinary water and in 
deuterium water 
(1) Ordinary water 


T 

8 

W 

V 

P 

C 

M 

NaiSOglOHgO 

•c. 1 

grams 

grams 

se. 

mm. 

grams 


24.8 1 

0.3093 

1.1268 


i 


1.93a 

Naa804-7Hi0 

2.9 i 

0.2303 a 

1.0994 




1.47»m 

8.1 

0.3093 

1.1268 




1.93a m 

13.4 

0.3093 

0.8885 




2.45i m 

17.8 

0.3864 

0.9296 




2.92a m 

20.8 

0.3864 

0.8258 




3.29 m 

21.4 

0.3093 

0.6526 




3.34 m 

24.1 

0.3864 

0.7326 



1 

3.71 m 


NaaS04 


21.0 

0.3093 

0.5810 




3.75 m 

47.5 

0.3864 

0.8258 




3.29 

82.2 

0.4025 a 

0.9486 




2.99 

114.0 

0.3864 

0.9296 

3.48 

1097. 1 

0.0028 

2.93a 

134.5 

0.3864 

0.9296 

3.46 

2119. 

0.0052 

2.94 

165.8 

0.4025 a 

0.9486 

0.54 

5020 

0.0018 

2.99 


(2) Deuterium water 


3 


W 



c 


M 


NaaSO 4 - 10 DgO 


•C. 

8.7 

11.5 

16.2 

22.4 

26.2 

29.0 

30.5a 

grams 

0.0499 

0.0776 

0.0499 

0.0499 

0.2564 

0.2564 

0.2564 

grams 

0.8389 

1.0878 

0.4721 

0.2903 

1.1124 

0.9134 

0.7933 

oe. 

mm. 

grams 

0.466 

0.558 

0.827 

1.34a 

I. 8 O 4 

2.19r 

2.52a 

NaaS04-7D,0 

7.7 

0.0499 

1 0.2509 




1.55i m 

10.3 

0.2564 

1.1124 




l.SOam 

14.3 

0.2564 

0.9134 




2.19? m 

17.9 

0.2564 

0.7933 




2.52a m 

24.7 

0.4709 

1.1124 




3.31 m 

27.0 

0.4709 

1.0101 




3.65 m 

NsiSO. 

24.8 





1 

3.65 m 

42.8 

0.4709 

1.1124 




3.31 

124.2 

0.2504 

mmm 

2.35 

1468. 


2.90 

152.0 

0.2564 


2.35 



2.91 

192.7 

0.2564 

m 




2.95 
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TABLE 4b 


Solubilities of sodium sulfate in ordinary water and in deuterium water at rounded 

temperatures 


T 

^HiO 

I.C.T. 

^DaO 

D 

7c D 

Na2SO4*10Aq 

•c. 






0 

0.342* 

0.342 

(0.267) 

0.075 

22 . 

5 

0.428* 

0.428 

(0.360) 

0.078 

Ig. 

10 

0.628* 

0.628 

0.512 

0.116 

Ig. 

15 

0.920* 

0.920 

0.770 

0.150 

Ig. 

20 

1.33* 

1.33 

1.12 

0.21 

1«. 

25 

1.96* 

1.96 

1.65 

0.31 

l6. 

30 

2 .88* 

2.88 

2.42 

0.46 

Ig. 

32.48 

] 

3.50 U 

2.95 

0.55 

Ig. 

32.5 

3.52 U* 


2.97 

0.55 

Ig. 

34.2 


! 

3.45 U 




NajS04*7Aq 


0 

(1.25) m 

1.34 m 

(0.99) m 

0.26 

2 i. 

5 

1.64 m 


(1.36) m 

0.28 

It. 

10 

2.10 m 

2.14 m 

1.77 m 

0.33 

Ig. 

15 

2.62 m 


2.24 m 

0.38 

l6. 

20 

3.18 m 

2.94 m 

2.76 m 

0.42 

Ig. 

23.7 

25 

26.7 
28.2 

3.69 mU 

1 

1 1 

3.59 m U 

3.20 m 

3.36 m 

3.60 mU 

0.49 

Ig. 

i 

1 

1 


NatSOi 


25 

3,67 m 


3.66 m 

0.01 

O.g 

30 

3.57 m 


3.55 m 

0.02 

0.6 

35 

3.47 

3.45 

3.44 

0.03 

0.9 

40 

3.39 

3.40 

3.36 

0.03 

0.9 

50 

3.26 

3.28 

3.22 

0.04 

1.2 

60 

3.16 

3.19 

3.12 

0.04 

1 • 5 

70 

3.07 

3.11 

3.03 

0.04 

l.g 

80 

3.01 

3.05 

2.98 

0.03 

1.0 

90 

2.96 

3.00 

2.94 

0.02 

0.7 

100 

2.94 

2.97 

2.92 

0.02 

0.7 

110 

2.93 

2.96 

2.91 

0.02 

0.7 

120 

2.92 

2.95 

2.90 

0.02 

0.7 

130 

2.93 

2.95 

2.91 

0.02 

0.7 

140 

2.95 

2.96 

2.92 

0.03 

1.0 

150 

2.97 


2.92 

0.05 

1.7 

160 

2.99 

3.01 

2.93 

0.06 

2,0 

170 

(3.01) 


2.94 

0.07 

2.3 

180 

(3.02) 

3.09 

2.95 

0.07 

2 ., 
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of the unexpected position of the curve for potassium chloride in figure 3 
below, in relation to the curves for the bromide and iodide of potassium, 
solubilities in deuterium water were redetermined for potassium chloride 
at the three temperatures 13.1®, 33.86®, and 151.9®C. In each case the 
molal solubility foimd was about 0.6 per cent lower than that of the 

TABLE 5a 

Obterved solubility of potassium bromide in ordinary water and in 

deuterium water 


(1) Ordinary water 


T 

a 

IV 

V 

p 

c 

M 

•c. 

gramt 

grama 

ee. 

mm. 

grama 


5.O7 

0.7033 a 

1.2553 




4.71 

11.3i 

0.7896 a 

1.3168 




5.04 

18.1s 

1.0975 a 

1.7218 




5.36 

25.2fi 

0.6791 

0.9968 




5.72 

34.5s 

0.4683 a 

0.6385 




6.16 

44.60 

0.6851 

0.8736 




6.59 

60.9 

0.6851 

0.7961 




7.23 

76.8 

0.7352 a 

0.7837 




7.88 

94.2 

0.6851 

0.6715 

2.48 

430.4 

0.0008 

8.58 

101.5 

0.3753 a 

0.3553 

1.58 

552.3 

0.0007 

8.89 

129.7 

0.8090 a 

0.6823 

1.55 

1306. 

0.0015 

9.98 

159.3 

1.0959 a 

0.8226 

0.81 

2717. 

0.0015 

11.21 

193.7 

0.7325 

1 

0.4948 1 

3.64 

5507. 1 

0.0124 

12.76 



(2) Deuterium water 



T 

a 

w 

V 

i 

P 

1 

c 

M 

•c. 

1 

grama 

grama 

ec. 

mm. 

grama 


8.0 

0.4599 

1.0321 




4.16 

12.2 

0.4102 

0.8678 




4.42 

20.1 

0.4599 

0.8847 




4.86 

31.lo 

0.4102 

0.7085 




5.41 

48.98 

0.3817 

0.5753 




6.20 

68.7 

0.4599 

0.6097 




7.05 

82.7 

0.4599 

0.5641 




7.62 

96.2 

0.3817 

0.4360 

2.90 

447.4 

0.0011 

8.19 

126.9 

0.4599 

0.4609 

2.88 

1198. 

0.0022 

9.36 

167.2 

0.4599 

0.3975 

2.93 

3296. 

0.0070 

11.00 

203.8 

0.4599 

0.3459 

2.97 

6686 

0.0134 

12.91 


earlier work. As this falls within the error of experiment, no change in the 
earlier values was required. 

Potassium bromide. The solubility values for this salt found in I.C.T. 
are therein estimated to have accuracy within 1 per cent below 100®C. 
and within 6 per cent above 100®C. We believe their accuracy above 
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100®C. is better than estimated, for our results between 0° and 170°C. 
nowhere diverge by as much as 1 per cent from their values. We have not 
carried our table 5b higher than 170°C., because our experimental points 

TABLE 5b 


Soluhilities of potassium bromide in ordinary water and in deuterium water at 
rounded temperatures 


T 

^HjO 

I.C.T. 


D 

%D 

•c. 

0 

(4.44) 

4.49 

(3.63) 

0.81 

Is. 

5 

(4.71) 


(3.97) 

0.74 

le. 

10 

4.97 

4.97 

4.28 

0.69 

I 4 . 

15 

5.23 


4.57 

0.66 

Is. 

20 

5.48 

5.42 

4.84 

0.64 

I 2 . 

25 

5.71 


5.10 

0.61 

li. 

30 

5.94 

5.88 

5.35 

0.59 

9.9 

35 

6.16 


5.59 

0.57 

9.3 

40 

6.38 

6.31 

5.83 

0.55 

8.S 

45 

6.59 


6.05 

0.55 

8.3 

50 

6.80 


6.27 

0.53 

7 ., 

55 

7.01 


6.48 

0.53 

7., 

60 

7.21 


6.69 

0.52 

7., 

65 

7.41 


6.90 

0.51 

6.9 

70 

7.61 


7.11 

0.50 

6 .. 

75 

7.81 


7.31 

0.50 

6.4 

80 

8.01 


7.51 

0.50 

6.2 

85 

8.21 


7.71 

0.50 

6.1 

90 

8.41 


7.91 

0.50 

5.9 

95 

8.61 


8.11 

0.50 

5.8 

100 

8.81 

8.84 

8.31 

0.50 

5.7 

105 

9.01 


8.51 

0.50 

5.8 

110 

9.21 

9.2 

8.71 

0.50 

5.4 

115 

9.41 


8.91 

0.50 

5.3 

120 

9.61 

9.7 

9.11 

0.50 j 

5.2 

125 

9.81 


9.31 

0.50 

5., 

130 

10.01 


9.51 

0.50 

i 5 .0 

135 

10.21 


9.71 

1 0.50 

4.9 

140 

10.41 

10.5 

9.91 

0.50 

4.8 

145 

10.61 


10.11 

0.50 

4.7 

150 

10.81 


10.31 

0.50 

4.» 

155 

11.01 


10.51 

0.50 

4.5 

160 

11.21 

11.3 

10.71 

0.50 

4.5 

165 

11.41 


10.91 

0.50 

4.4 

170 

11.61 


11.11 

0.50 

4.8 


above this temperature indicate a change of slope of the solubility curves 
for both varieties of water which our experimental values are not suffi¬ 
ciently numerous to define. According to Kracek (15) and others, potas- 
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slum iodide likewise shows at higher temperatures a faster increase with 
temperature of solubility in ordinary water. 

Potassium iodide. In the region above 100°C., the solubility values in 
I.C.T. have been found to be seriously in error by Kracek (15), whose 
measurements, however, did not embrace temperatures below 50®C. We 
considered it unnecessary to repeat the work of Kracek, but made the 
three measurements recorded in table 6a, which agree within 1 per cent 
with I.C.T. values, in order to extend Kracek’s results to 0°C. 

TABLE 6a 

Observed solubility of potassium iodide {1S6.0S) in ordinary water and in 
deuterium water 


(1) Ordinary water 


T 

s 

w 

V 

P 

C 

M 

"C. 

grama 

grama 

ee. 

mm. 

grama 


6.2 

1.0154 

0.7655 




7,99 

11.2 

1.0154 

0.7434 




8.23 

56.6« 

1.0154 

0.5866 



1 _ 

10.4, 


(2) Deuterium water 


T 

a 

w 

V 

P 

c 

M 

•c. 

grama 

grama 

ee. 

mm. 

grama 


2.6 

1.0130 

1.0136 




6.69 

10.7 

1.0130 

0.9391 i 




7.22 

17.8 

1.0130 

0,8860 




7.65 

34.0 

1.0130 

0.7925 




8.55 

60.3 

1.4968 

1.0167 




9.86 

62.7 

1.0130 

0.6788 




9.99 

88.6 

1.4968 

0.8907 




11 .2, 

118.1 

1.4968 

0.7894 

2.98 

744. 

0.0018 ! 

12.72 

146.1 

1.4968 

0.7169 

3.01 

L_ 

1697. 1 

0.0037 

14.0, 


Barium chloride. No estimate is given in I.C.T. of the accuracy of the 
stated values of solubility of barium chloride dihydrate. Their maximum 
discrepancy from our values is little over 1 per cent. We have not 
tabulated the values of Etard (13) for the monohydrate, because of their 
lack of precision. Our solubility curves for these two hydrates intersect 
in the neighborhood of 102°C. Collins and Menzies (9) found this transi¬ 
tion at 101.94'’C. ± 0.05“. 

Taylor, Caley, and Eyring (32) measured the solubility of barium chlo¬ 
ride in 92 per cent deuterium water at 20®C. Converted, as described for 
the similar case of sodium chloride, to solubility in 100 per cent deuterium 
water, their value for molal solubility is 1.61, as compared with 1.48 found 
in the present work. The transition temperature of di- to mono-deuterate 
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is found uosr 93«3 C. Sines tlie two solubility curves intersect at a very 
unfavorable angle, this temperature is uncertain by 2°C. 

Cadmium iodide. Since the solubility values in I.C.T. up to 40®C. 
taken from the data of Cohen and coworkers (6, 7), are estimated to have 

TABLE 6b 


Solubilities of potassium iodide in ordinary water and in deuterium water at 
rounded temperatures 


T 

"HjO 

Kraoek (15) 

^DiO 

D 

%D 

•c. 






0 

(7.66) 

7.78 

(6.52) 

1.14 

u. 

5 

(7.92) 


6.85 

1.07 

14 . 

10 

8.17 

8.24 

7.17 

1.00 

la. 

15 

8.42 


7.48 

0.94 

ii. 

20 

8.66 

8.70 

7.78 

0.88 

lo. 

25 

8.90 


8.07 

0.83 

9., 

30 

9.14 

9.17 

8.34 

0.80 

8 . g 

35 

9.38 


8.60 

0.78 

8 .t 

40 

9.62 

9.63 

8.85 

0.77 

8.0 

45 

9.85 


9.09 

0.76 

7.1 

50 

10.09* 1 

10.09 

9.34 

0.75 

7.4 

55 

10.32* 1 


9.59 

0.73 

7 ., 

60 

10.56* 

10.56 

9.84 

0.72 

6.8 

65 

10.79* 


10.09 

0.70 

6 .. 

70 

11 . 02 * 

11.02 

10.33 

0.69 

6.8 

75 

11.25* 


10.58 

0.67 

6.0 

80 

11.49* 

11.49 

10.82 

0.67 

5.8 

85 

11.72* 


11.06 

0.66 

5.8 

90 

11.96* 

11.96 

11.31 

0.65 

5.4 

95 

12 . 20 * 


11.55 

0.65 

5.8 

100 

12.43* 

12.43 

11.80 

0.63 

5.1 

105 

12.67* 


12.04 

0.63 

5 .0 

110 

12.91* 

12.91 

12.29 

i 0.62 

4.8 

115 

13.15* 


12.53 

0.62 

4.7 

120 

13.39* 

13.39 

12.77 

0.62 

4.8 

125 

13.63* 


13.02 

0.61 

4.6 

130 

13.87* 

13.87 

13.26 

0.61 

4.4 

135 

14.12* 


13.51 

0.61 

4.8 

140 

14.37* 

14.37 

13.75 

0.62 

4.8 

145 

14.61* 


13.99 

0.62 

4.2 

150 

14.86* 

14.86 

(14.24) 

0.62 

4.2 


an accuracy of ±0.1 per cent, we did not repeat any measurements in this 
range. Our experimental values for higher temperatures show wide dis¬ 
cordance from the values in I.C.T., amounting to 10 per cent at 140°C. 
(see table 8a). These values are based, apparently, on the work of Etard 
(13) and on two values of Dietz (12), whose preparations may have differed 
from ours (5,29, 8). 
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Mercuric chloride. Values for for this salt differ widely from those 
in I.C.T. While the accuracy claimed for these latter is but 10 per cent 

TABLE 7a 

Observed solubility of barium chloride ($08.^7) in ordinary water and in 
deuterium water 


(1) Ordinary water 


T 

S 

w 

r 

P 

c 

M 

BaCl,-2H,0 

•c. 

grams 

grams 

ee. 

mm. 

grams 


9.7 

0.3053 

0.9223 




1.59 

29.2 

0.3053 

0.8078 




1.81 

53.1 

0.3053 

0.6946 




2.11 

65.1 

0.5200 

1.0935 




2.28 

78.3 

0.3053 

0.5895 




2.49 

98.5 

0.5200 

0.8911 

2.81 

612.9 

0.0013 

2.81 


BaCls * HfO 


102.8 

0.5200 

0.8672 

2.82 

711.2 

0.0015 

2.88 

113.1 

0.5200 

0.8499 

2.85 

1001 . 

0.0021 

2.95 

127.8 

0.5200 

0.8259 

2.87 

1585. 

0.0033 

3.04 

153.0 

0.5200 

0.7807 

2.92 

3193. 

0.0063 

3.22 

168.7 

0.5200 

0.7567 

2.94 

4718. 

0.0091 

3.34 

180.0 

0.5200 

0.7328 

2.96 

6111. 

1 0.0115 

1 

3.46 

(2) Deuterium water 

T 

8 

w 

V 

P 

c 

M 


BaCli*2DjO 


•c. 

grams 

grams 

ee. 

mm. 

grams 


4.1 

0.2046 

0.8766 




1.24 

21.2 

0.2046 

0.7299 




1.50 

21.6 

0,3074 

1.0879 




1.51 

37.0 

0.3074 

0.9463 


1 


1.73 

53.1 

0.3074 

0.8400 


1 


1.95 

77.1 

0.3402 

0.7900 




2.30 

80.7 

0.3074 

0.6954 



\ 

2.36 


BaCli*D20 


95.5 

0.3402 

0.7092 

3.35 

528.1 

0.0015 

2.56 

104.8 

0.3402 

0.7006 

3.37 

739.3 

0.0021 

2.60 

119.8 

0.3402 

0,6751 

3.39 

1217. 

0.0034 

2.70 

135.0 

0.3402 

0.6539 

3.42 

1936. 

0.0052 

2.80 

159.3 

0.3402 

0.6178 

3.47 

3751. 

0.0097 

2 .^ 

179.7 

0.3402 

0.5869 

3.50 

6075. 

0.0151 

3.17 


over the whole range 0-100®C., we find closer agreement over most of the 
range. Nevertheless even wider deviation is found at 00®, 70® and 80®C., 
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TABLE 7b 


Solubilities of barium chloride in ordinary water and in deuterium water at 
rounded temperatures 


T 

1 "HiO 

I.C.T. 1 

Wd.O 

D 

%D 



Bad; 

2*2Aq 



•c. 






0 

(1.60) 

1.62 

(1.19) 

0.31 

2 i. 

5 

(1.65) 


1.26 

0.29 

I9. 

10 

1.61 

1.61 

1.33 

0.28 

I7. 

15 

1.66 


1.41 

0.26 

Is. 

20 

1.72 

1.72 

1.48 

0.24 

14 . 

26 

1.78 


1.55 

0.23 

1*. 

30 

1.83 

1.83 

1.62 

0.21 

ll. 

35 

1.89 


1.70 

0.19 

lo. 

40 

1.96 

1.94 

1.77 

0.19 

9.7 

45 

2.02 


1.84 

0.18 

8.9 

50 

2.08 


1.92 

[ 0.16 

7., 

55 

2.16 


1.99 

0.16 

7., 

60 

2.22 


2.06 

0.16 

7.t 

65 

2.29 


2.14 

0.16 

6., 

70 

2.37 j 


2.21 

0.16 

6., 

75 

2.44 


2.28 

0.16 

6.9 

80 

2.62 


2.35 

0.17 

6., 

85 

2.60 


2.43 

0.17 

6., 

90 

2.68 


2.50 

0.18 

6.1 

93.3 

2.74 


2.54U 

0.20 

7., 

95 

2.76 





100 

2.85 

2.82 




102.1 

2.88 U 





BaClj'Aq 

95 



2.55 



100 



2.58 



105 

2.89 


2.61 

0.28 

9.7 

110 

2.92 


2.64 

0.28 

9.9 

115 

2.95 


2.67 

0.28 

9.S 

120 

2.98 


2.70 

0.28 

9.4 

125 

3.01 


2.73 

0.28 

9.3 

130 

3.04 


2.76 

0.28 

9.i 

135 

3.07 


2.79 

0.28 

j 9.1 

140 

3.11 


2.83 

0.28 

' 9.0 

145 

3.16 


2.87 

0.28 

8.9 

150 

3.19 


2.91 

! 0.28 

8.. 

155 

3.23 


2.95 

0.28 

8., 

160 

3.27 


2.99 

0.28 

8.1 

165 

3.31 


3.03 

0.28 

8.3 

170 

3.36 


3.08 

0.28 

8.i 

175 

3.41 


3.12 

0.29 

8.. 

180 

3.46 


(3.17) 

0.29 

8.4 
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temperatures for which other experimental data are scarce. The solubility 
of this salt changes fifteenfold in the range studied. When this is repre* 
sented on a single graph, error in graphing causes the greatest percentage 
error at low solubility, where also the percentage error of experiment is 
greatest. In the neighborhood of 70®C., however, such error is no longer 
excessive. Our value is there about 18 per cent higher than that of I.C.T. 
and about 2 per cent lower than a value published by Sugden (30) in 1929. 

TABLES 8a 

Observed solubility of cadmium iodide (S66.B5) in ordinary water and in 
deuterium water 


(1) Ordinary water 


T 

8 

w 

V 

P 

C 

M 

•c. 

grama 

grama 

ec. 

mm. 

grama 


76.9 

1.0513 

0.9642 




2.98 

99.1 

0.6024 

0.4813 

3.30 

708.0 

0.0018 

3.43 

131.2 

1.0513 

0.7009 

3.42 

1950. 

0.0048 

4.12 

155.1 

1.0513 

0.6012 

3.51 

3801. 

0.0090 

4.85 


(2) Deuterium water 


T 

8 

W 

V 

P 

C 

M 

•c. 

grama 

1 

grama 

ce. 

mm. 

grama 


1.7 

0.4266 

0.8491 




1.52 

11.1 

0.4266 

0.8026 




1.61 

24.4 

0.4266 

0.7395 




1.75 

44.4 

0.3900 

0.6008 


i 


1.97 

57.7 

0.7027 

1.0104 




2.11 

78.9 

0.7027 

0.8800 




2.42 

96.9 

0.7027 

0.7708 

3.64 

653.0 

0.0019 

2.77 

115.0 

0.7027 

0.6893 

3.70 

1175. 

0.0035 

3.11 

125.9 

0.7027 

0.6289 

3.76 

1652. 

0.0048 

3.42 

137.4 

0.7027 

0.5812 

3.85 

2333. 

0.0068 

3.71 

149.4 

0.7027 

0.5356 

3.94 

3251. 

0.0095 

4.05 


EXPRESSION OF SOLUBILITY DIFFERENCES 

One may, for example, plot the values of %D for each salt either (o) 
against temperatiure or (h) against Mhk>i the molal solubility of the satu¬ 
rated solution in ordinary water at the temperature of comparison. With 
the salts here studied, a more open diagram is obtained by method (t), 
which we have employed for figure 2. On this are included for comparison, 
in addition to salts described above, cupric sulfate pentaquate, strontium 
chloride hexaquate and diaquate, and potassium chloride from other work 
in this laboratory (21,28). Figure 3 shows a plot by method (a) for halides 
of potassium and sodium. 
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It should be emphasized that the smaller the values of %Z), the more 
subject are they to inevitable uncertainty. 

TABLE 8b 


Solubilities of cadmium iodide in ordinary water and in deuterium water at 
rounded temperatures 


T 

"HiO 

I.C.T. 


D 

o* n 
/o U 

•c. 






0 

2.16 

2.155 

(1.50) 

0.66 

3i. 

6 

2.19 


1.54 

0.65 

3o. 

10 

2.23 

2.230 

1.59 

0.64 

2.. 

15 

2.27 


1.64 

0.63 

2». 

20 

2.31 

2.312 

1.69 

0.62 

2?. 

25 

2.35 


1.74 

0.61 

2,. 

30 

2.40 

2.404 

1.79 

0.61 

26. 

35 

2.45 


1.84 

0.61 

26. 

40 

2.51 

2.506 

1.90 

0.61 

24. 

46 

2.56 


1.96 

0.60 

2i. 

50 

2.62 


2.02 

0.60 

2,. 

55 

2.68 


2.09 

0.59 

2,. 

60 

2.74 

2.77 

2.16 

0.58 

2,. 

65 

2.81 


2.23 

0.58 

2,. 

70 

2.88 


2.30 

0.58 

2o. 

75 

2.95 


2.38 

0.57 

I 9 . 

80 

3.03 

3.09 

2.46 

0.57 

Ifl. 

85 

3.11 


2.54 

0.57 

Is* 

90 

3.19 


2.63 

0.56 

la. 

95 

3.28 


2.72 

0.56 

I 7 . 

100 

3.38 

3.48 

2.81 

0.57 

I 7 . 

105 

3.48 


2.91 

0.57 

la. 

110 

3.59 


3.01 

0.58 

Is. 

115 

3.70 


3.12 

0.58 

le. 

120 

3.82 

3.96 

3.24 

0.58 

l6. 

125 

3.94 


3.36 

0.58 

le. 

130 

4,07 


3.48 

0.59 

I 4 . 

135 

4,21 

1 

3.61 

0.60 

I 4 . 

140 

4.35 

4.74 

3.75 

0.60 

I 4 . 

145 

4.50 


3.89 

0.61 

I 4 . 

150 

4.67 


(4.04) 

0.63 

b. 

155 

4.84 





160 

(5.02) 






TRANSITION TEMPERATURES AND MELTING POINTS 

In table 10 we have set down data for nine transitions studied in this 
laboratory. In comparing, in column 4, by difference in temperature the 
transition points in systems with ordinary and dueterium water, we have 
utilized values for each obtained by like methods, when two such values 
were available. 
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Inspection of table 10 makes clear that the differences of temperature for 
andogous transitions may be in either direction. Pure water, sodium 
sulfate heptahydrate, and sodium sulfate decahydrate show difference 
values of —3.82®, —3.0®, and —2.1®C. at 0®, 23.7®, and 32.4®C., respec¬ 
tively, an orderly succession not out of harmony with a suggestion of 
Bernal and Fowler (4) that water in certain hydrates is in an ice-like 
arrangement. 


TABLE 9a 

Observed solubility of mercuric chloride (t71.BS4) in ordinary water and in 

deuterium water 


(1) Ordinary water 


T 

5 

w 

V 

P 

C 

M 

•c. 

grama 

grama 

ee. 

mm. 

grama 


0.9 

0.1344 a 

2.8674 




0.173 

20.93 

0.0627 

0.9477 




0.244 

39.25 

0.0627 

0.6082 




0.380 

55.86 

0.0627 

0.4078 




0.566 

62.7 

0.1766 

0.9467 




0.687 

75.4 

0.1766 

0.6539 




0,995 

91.6 

0.4132 

0.9457 

3.15 

542. 

0.0014 

1.612 

99.7 

0.4132 

0.7230 

3.36 

724. 

0.0019 

2.110 

105.6 

0.4132 

0.5511 

3.60 

880. 

0.0024 

2.773 



(2) Deuterium water 



T 

S 

w 

r 

P 

C 

M 

•C. 

grama 

grama 

ee. 

mm. 

grama 


8.1 

0.0279 

0.8831 




0.129 

18.7 

0.0279 

0.6733 




0.170 

27.2 

0.0279 

0.5366 




0.213 

48.9 

0.0796 

0.8831 




0.369 

57.4 

0.0796 

0.7037 




0.463 

67.3 

0.0796 

0.5382 




0.605 

91.2 

0.2612 

0.8831 

3.30 

510. 

0.0015 

1.212 

105.1 

0.2612 

0.5308 

3.73 

835. 

1 0,0028 

2.024 


These transition temperatures are points of incongruent melting. The 
congruent melting points for these hydrates would lie at concealed maxima 
on the solubility-temperature curves. The molecular composition of 
corresponding hydrates and deuterates is, of course, identical. Thus the 
maxima, for corresponding salts, fall at the same position on the composi¬ 
tion axis. The relative positions and slopes of the two mralogous solubility 
curves, as they approach this identical composition, will indicate which will 
cross this composition at the lower temperature, that is, which will have 
the lower congruent melting point. Inspection of figure 2 shows if and 




SOLUBILITIES IN DEUTERIUM WATER 


231 


where any two analogous solubility curves cross, thus making it possible 
to predict which of the two curves will be at the higher temperature when 
it reaches its maximum at the composition of the hydrate. Consequently 
we see that the congruent melting points of SrCl 2 - 6 D 20 , SrCl 2 - 2 D 20 , 
NaBr - 2 D 20 and NaI * 2 D 20 must lie at lower temperatures than do those 
of the corresponding hydrates. For example, if one extrapolates the 
solubility curves of Nal -21120 and NaI- 2 D 20 to maxima at the composi¬ 
tion M = 27.75 (which corresponds to the formula), one finds that the 


TABLE 9b 

Solubilities of mercuric chloride in ordinary water and in deuterium water at 
rounded temperatures 


T 

^HjO 

IC.T. 


D 

%D 

^C. 

0 

(0.172) 

0.170 

(0.100) 

0.072 

4,. 

5 

0.184 


(0.120) 

0.064 

3i. 

10 

0.200 

0.204 

0.140 

0.060 

3o. 

15 

0.220 


0.160 

0.060 

27. 

20 

0.243 

0.246 

0.180 

0.063 

26. 

25 

0.269 


0.202 

0.067 

26. 

30 

0.300 

0.300 

0.226 

0.074 

26. 

35 

0.335 


0.253 

0.082 

24. 

40 

0.376 

0.366 

0.284 

0.092 

24. 

45 

0.426 


0.321 

0.105 

26. 

50 

0.486 

0.466 

0.367 

0.119 

24. 

55 

0.557 


0.426 

0.131 

24. 

60 

0.640 

0.554 

0.496 

0.144 

2,. 

65 

0.738 


0.569 

0.169 

2,. 

70 

0.853 

0.714 

0.651 

0.202 

24. 

75 

0.985 


0.748 

0.237 

24. 

80 

1.140 

0.980 

0.865 

0.275 

24. 

85 

1.325 


1.006 

0.319 

24. 

90 

1.546 

1.41 

1.177 

0.369 

24. 

95 

1.801 


1.378 

0.423 

2s. 

100 

2.151 

2.06 

1.637 

0.514 

24. 

105 

2.705 


2.018 

0.687 

26. 


congruent melting points should lie near 80°C., with the deuterate melting 
point a degree or two lower than that of the hydrate. 

The contrary case is exhibited by Na 2 S 04 • lOAq. Inspection of figure 2 
shows that the solubility curve of Na 2 S 04-10020 is quite unlikely to lie 
lower in temperature than the curve for Na 2 S 04-101120 as they pass 
through their maxima at Jlf = 5,65, for there 4s no indication that the 
curves will cross before reaching that composition. The graph on figure 2 
will approach nowhere near the zero per cent horizontal if extrapolated 
to M* 6 . 66 . 
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It thus appears that, when deuterium water forms compounds with salts 
entirely analogous to compounds with ordinary water, the congruent melt- 



Fio. 2. Graph of %D against MhiO for certain salts and salt equates 


NO. 

SOLID PHASB 

BANOB IN 

•c. 

NO. 

BOUD PHASB 

BANOB IN 

•c. 

1 

HgCl, 

10-105 

11 

KBr 

0-170 

2 

Na2SO4-10Aq 

0-32 

12 

NaCl 

0-180 

3 

CuS04*5Aq 

3-96 

13 

KCl 

0-180 

4 

Na2S04 

26-180 

14 

SrCl 2 * 2 Aq 

62-128 

5 

SrCU-OAq 

0-66 

16 

SrCl 2 -Aq 

135-146 

6 

Cdl* 

0-160 

16 

NaBr«2Aq 

46-170 

7 

Na*S04’7Aq 

0-23 

17 

KI 

0-150 

8 

BaCl2*Aq 

106-180 

18 

NaBr 

46-170 

9 

BaCl2*2Aq 

0-93 

19 

NaI-2Aq 

0-66 

10 

CuS04'3Aq 

100-110 

20 

Nal-Mq 

46-60 




21 

1 Nal 

65-115 


ing points of the deuterium compounds may be either higher or lower than 
those of their analogues. Such congruent melting points may doubtless 
be realized, and not merely predicted for metastable phases, in suitably 
chosen cases. 
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An examination of merely the few cases before us might make it appear 
that the relative temperatures of the (unrealized) congruent melting 



TEMPERATURE, •C. 

Fig. 3. Graph of %D against temperature in °C. for halides of sodium and potassumi 

TABLE 10 


The transition temperatures of some salt deuterates and their corresponding hydrates 


TRANBXTION 


TBlfPBRATVBBS 



Hydrates 

Deutwates 

Difference 

NaBr-2Aq ^ NaBr -|- 2Aq 

•c. 

50.8 

•c. 

47.4 

•c. 

3.4 

NaI-2Aq Nal + 2Aq 

50.674 (26) 
68.2 

47.7 (2) 

66.0 

2.2 

NaI*a;Aq Nal 4* «Aq 

64.3 (23) 
60.0 

58.2 

1.8 

Na,SO4-10Aq Na 2 S 04 + 10Aq 

32.5 

32.384 (11) 

34.2 

34.48 (31) 

-2.1 

NasS 04 - 7 Aq^:± Na 2 S 04 + 7Aq 

23.7 

34.5 (2) 
34.6-34.9 (14) 
26.7 

-3.0 

CuS04‘6Aq CuS 04 ‘ 3 Aq + 2Aq 

23.46 (34) 
95.9 (9) 

26.6-27 (14) 

96.2 (21) 

-0.3 

BaClf2Aq BaCU* Aq -h Aq 

102.1 

93.3 

8.8 

SrCla*6Aq SrClf2Aq *f 4Aq 

101.94 (9) 
61.4 (20) 

56.4 (21) 

5.0 

SrClr2Aq SrCl** Aq + Aq 

61.34 (27) 
134.4 (20) 

56.5 (2) 

128.5 (21) 

5.9 


points were always in the same sense as those of the (realized) incongruent 
melting points. This is not necessarily the case, for the extrapolated 
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graph for CuS 04 - 6 Aq in figure 2 may, for example, cross the zero line 
before reaching the composition M « 11.1 (which corresponds to the 
formula). 

Further discussion will find place in the light of additional experimental 
facts. 


SUMMARY 

1. The solubilities in ordinary water of NaCl, NaBr‘2H20, NaBr, 
NaI.2H20, NaI.a;H20, Nal, Na 2 SO 4 . 10 H 2 O, Na 2 S 04 - 7 H 20 , Na^S 04 , 
KBr, KI, BaCh *21120, BaCl2*H20, Cdl 2 , and HgCb have been studied, 
chiefly by a method proposed by Menzies, over their ranges of existence 
within the interval 0®C. to 106-180®C. 

2. A similar study has been made of the analogous systems in deuterium 
water. 

3. The resulting molal solubility values and their differences in the two 
systems have been tabulated for rounded temperatures at intervals of 5®C. 
Differences were found to range from —2.0 to +42 per cent. 

4. From the intersection of solubility curves, the transition temperatures 
of six hydrates and six analogous deuterates have been evaluated and 
compared. These were all incongruent melting points, and were some¬ 
times lower and sometimes higher for deuterates than for their analogous 
hydrates. It is predicted that the same will be true for congruent melting 
points of such compounds. 

5. The existence has been uncovered of a new hydrate of sodium iodide, 
and of the analogous deuterate. 
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INTRODUCTION 

Numerous investigations have shown that the radiation and ionization 
in hot flames can be accounted for by a purely thermal mechanism. 
Although part of the energy responsible for these phenomena could be 
derived directly from the chemical reaction, as in cold chemiluminescence, 
it is diflScult to obtain direct evidence of such chemical excitation in the 
presence of the intense thermal excitation in hot flames of hydrogen, 
hydrocarbons, and carbon monoxide, as shown by Bonhoeffer (2), Kon- 
radjew (7), Garner and Saunders (4), and Gill (5). The present paper 
describes an attempt to eliminate the thermal background by causing the 
reaction to proceed at low temperatures on a catalyst. Any effect de¬ 
tected under such conditions should be ascribed a chemical origin. 

The oxidation of hydrogen on platinum at temperatures ranging from 
80®C. to 170®C. has been investigated, and the light measurements have 
been limited to the ultraviolet part of the spectrum. Although the net 
reaction heat is only 57 kg-cal., a number of intermediate steps involving 
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energies above 100 kg-cal., corresponding to ultraviolet radiation, have 
been assumed to take place, such as: 

H -f" H —♦ Hj + 101 kg-cal. 

0 -h O -» 0, •+• 117 kg-cal. 

H + OH -» HjO + 112 kg-caJ. 

H + O, + H HjO + OH + 102 kg-cal. 

Photoelectric counters were used as detectors of radiation, and the emis¬ 
sion of electricity by the platinum catalyst was measured by means of 
an electrometer. 



APPARA.TU8 AND PROCEDURE 

The reaction eyetem 

As shown in figure 1, a 500-cc. Pyrex reaction chamber was provided 
with a quartz window, Q, 3 cm. in diameter, and two traps T, and was 
connected throu^ 20-mm. tubing with the mercury diffusion and Hyvac 
pumps P and a McLeod gauge (McL). Small amounts of gases were 
admitted through a by-pass aa', and pressures down to 0.06 mm. were 
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read on a mercury manometer M and a differential manometer D, filled 
with Hyvac oil. The 0.35-inm. thick platinum filament, F, wound into 
seven spirals 1 cm. in diameter, constituted one of the branches of a 
bridge, B, by means of which its temperature was measured. A tungsten 
wire, W, coaxial with the platinum coil, acted as a collecting electrode 
and was connected with an electrometer, E, shunted through a lO'^-ohm 
resistance and giving a deflection of 1 mm. for a current of 10”^^ ampere. 
The oxygen and hydrogen were prepared electrolytically and stored over 
phosphorus pentoxide. 

In doing a run, the traps T were immersed in a mixture of acetone and 
carbon dioxide to condense the water formed during the reaction; the 
filament was glowed during a few minutes in a vacuum and then during 
5 sec. at 700®C. in oxygen at the pressure at which the reaction was to 
take place. The filament was then allowed to cool and hydrogen admitted. 
The reaction was then started by heating the filament again to the desired 
temperature, and this temperature was kept constant throughout the 
reaction by means of a variable rheostat placed in the heating circuit. 

The 'photoelectric counters 

Photoelectric tube counters C (figure 1), of the type described by 
Rajewski (10) and others, were used as detectors of ultraviolet light. A 
quartz tube, K, one end of which was sealed into the slightly conical end 
of a Pyrex tube, P, contained the cathode, made of copper or aluminum 
foil bent into a cylinder 1,5 cm. in diameter and 4 cm. long, with an0.8-cm. 
longitudinal slit through which light could enter. The anode consisted 
of chromel wire, about 0.2 cm. thick, which was subjected to no other 
treatment than washing in distilled water and alcohol. The general 
behavior of chromel wire (sharp impulses and 75-100 volts characteristics) 
compares favorably with that of platinum, tungsten, and iron wires used 
in previous work by one of the authors (9). The counters were filled at 
pressures^5 cm. of mercury with air that had been dried by calcium chlo¬ 
ride and purified of dust by bubbling through Hyvac oil. 

The photoelectric thresholds of the cathodes were determined approxi¬ 
mately by displacing the counters in front of a small quartz spectrograph, 
using a carbon arc as a source. They were found to lie at 2800 A, for 
copper and 3500 A. for aluminum, although in this case a region of low 
sensitivity extended as far as 4000 A. The sensitivity of the counters is 
discussed below, together with the experimental results. 

The counting circuit is shown in figure 2. The high tension was sup¬ 
plied by a GM high voltage unit, the primary current of which was stabi¬ 
lized by a Raytheon voltage regulator. Further stabilization of the 
output voltage was ensured by means of a circuit embodying a neon lamp 
and pentode, similar to that described by Gingreich (6), a 20,000-ohm 
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variable rheostat being added to obtain finer regulation. The high tension, 
generally about 1400 volts, was applied to the cathode of the counter 
through a 10^-ohm protective resistance. The impulses from the anode 
wire were transmitted through a 5.5 X 10®-ohm resistance to a three^tage 



amplifier and a FG 17 thyratron tube which operated a mechanical 
telephone recorder R. The amplifying circuit, ba^ on that published 
by Barasch (1), was completely shielded and contained only metal tubes. 
The first stage was mounted separately and clamped near the counter, so 
as to eliminate long leads* 
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RESULTS AND DISCUSSION 
The kinetics of the reaction 

The reaction was studied at pressures of the order of 10 mm. of mercury, 
safely below the lower explosion limit. Langmuir (8), Wiig (13), and 
others have investigated its kinetics at very low pressures, but no data 
seem to be available concerning its behavior under the conditions used in 
this work. Although no systematic investigation of the kinetics has been 



Fig. 3. Velocity of the reaction at different temperatures of the filament 

undertaken, the velocity of the reaction has been determined at different 
temperatures of the filament, and some of the curves obtained arc shown 
in figure 3. These results were reproducible within 5 per cent at intervals 
of several weeks, showing that the surface of the catalyst bad suffered 
no alteration. 

It is clear that the rate tends towards a maximum value as the tempera¬ 
ture increases and may remain constant or possibly decrease at tempera¬ 
tures above 200®C. As the cold reaction only was of interest in this 
work, this point was left for further investigation. The shape of the 
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curves suggests that the reaction is autocatalytic at the lower tempera¬ 
tures and gradually loses this character as the temperature increases. This 
is to be expected if active centers are developed on the catalyst by the 
reaction itself. At the higher temperatures, however, the concentration 
of the centers being already near saturation, the reaction will proceed at 
once with almost its maximum velocity. 

Without going into the details of the mechanism, an equation which 
fits the experimental curves can be derived from the somewhat arbitrary 
assumptions that the velocity is proportional to the second power of the 
total pressure p of the stoichiometric mixture and to the concentration, 
a, of the active centers on the surface of the catalyst. 

- ^ ( 1 ) 

The rate of increase of a is taken as 

^ ~ h%{a + ct) 

where a is the initial concentration of the centers and is constant at a 
given temperature. By integration, we obtain 

a = Cie**' - a (2) 

which, introduced into equation 1, gives 

- ^ = - o)p’ 

Integrating and combining the constants, we finally have 

P? = _ kit (3) 

V 

where A* and h are constants, and po is the pressure at time t = 0. Table 
1 gives a comparison of the observed values of p with those calculated 
from equation 3. In all three cases po = 13.5 mm. of mercury. 

The measurement of radiation 

In looking for an emission of ultraviolet radiation during the reaction, 
the counter was placed in front of the quartz window Q and the number 
of impulses recorded over periods of 10 or 20 min. during which the reaction 
was proceeding, and over equal and alternate control periods during which 
the lament was in a vacuum. Tables 2 and 3 give, as an example, the 
detailed results of a series of 20-min. periods and the sum of all the counts. 
In each case, the initial pressure of the gases is indicated. 

It is seen from these results that the difference between the number of 
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counts during the reaction and control periods keeps well within the 
limits of the statistical fluctuations (d=\/4207 = ±65 and ±\/3175 = 

TABLE 1 


Comparison of observed values of p with those calculated from equation S 



80*0. 

115*C. 

135’’C. 



0.028 

iba- 

0.06 

ifct- 

0.1 

TIME 


0.02 

kf 

0.055 

kt » 

0.09 


calcu^ted 

P 

observed 

calcuUted 

obstfved 

P 

calculated 

P 

observed 

minutes 

mm. 

mm. 

mm. 

mm. 

mm. 

mm. 

3 

13.2 

13.3 

13.0 

12.8 

12.5 

12.3 

5 

13.0 

13.1 

12.4 

12.0 

11.2 

11.0 

8 

12.7 

12.8 

11.4 

11.2 

9.0 

9.0 

10 

12 5 

12.6 

10.8 

10.5 

7.4 

7.6 

15 



9.3 

9.1 

4.3 

4.4 

20 

1 10.8 ! 

11.0 

6.2 

6.7 

2.4 

2.3 

30 

1 8.9 

9.2 

4.0 

3.7 

0.8 

0.2 

40 

1 7.1 

7.3 

1 5 1 

1.5 I 



50 

5.4 

5.5 

0.8 

0.6 



60 

; 4.1 1 

4.0 





70 

3.1 

2.5 






TABLE 2 

o 

Results with a copper cathode ($000~B800 A.) , 



i 

1 IMPXTLBES 

Os PRKaaUBK 

Ht PRsaaoRE 



Reaction 

Control 

mm. Hg 

mm. Hg 



0.7 

2.0 

286 

281 

0.8 

2.6 

248 

275 

4.8 

12.0 

230 

222 

4.6 

9.6 

254 

254 

4.6 

9.3 

234 

240 

5.5 

11.0 

235 

215 



291 

305 

4.6 

10.0 

247 

229 

5.0 

10.9 

231 

232 

4.6 

9.3 

217 

238 



2473 

2491 :1=50 

Other counts. . 


1826 

1716 d=42 

Total. 

4299 

4207 ±65 


±56). If radiation is emitted, its intensity is below the limit of sensi¬ 
tivity of the detectors used in these experiments. 
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In determining the sensitivity of the counters towards ultraviolet light, 
the catalytic filament itself was used as a light source. This method does 
away with the problematic corrections concerning the geometry of the 
apparatus and the losses by absorption and reflection, and gives directly 
the number of impulses per minute caused by the emission of a known 
number of photons from the surface of the catalyst under the actual 
experimental arrangement. The projection of the platinum wire on a 
plane perpendicular to the direction going from the coil to the counter was 
taken as the effective emitting area and estimated at 0.5 cm.^ The fila¬ 
ment was brought to temperatures of 1775®K. for the copper counter and 
1550®K. for the aluminum counter, and respective increases of 65 and 29 


TABLE 3 

Results with an aluminum cathode {BOOO-4000 ^1.) 


Oi PRBSSUBB 

Hi P1UB8SI7IUD 

XMPVLSBB 

Reaction 

Control 

mm. Hg 

mm. Hg 



5.2 

10.2 

258 

256 

6.0 

10.0 

250 

240 

5.0 

10.0 

228 

215 

4.6 

10.0 

248 

285 



265 

216 

0.7 

1.7 

253 

264 

1.4 

3.0 

250 

280 

0.7 

1.4 

276 

269 



2028 

2024 dr45 

Other counts. 


1153 

1151 d:34 


Total. 

3181 

3175 db56 


impulses per minute were recorded. 

The amounts of radiation emitted 


were calculated by means of Wien^s equation: 

= g-e-"' 

where X is the mean wave length of the sensitivity interval for each counter, 
T is the absolute temperature of the filament, Ci — 10~' erg per second 
cm.*, and c* = 1.4 cm. degree. Taking X — 2^ A., AX = 1000 A., and 
T = 1775®K., the amount of radiation emitted by the filament is found 
to be 1.76 X 10"* erg per second or 1.6 X 10*® hj» per second. The part 
of this radiation which entered the copper counter caused an increase of 
66 impulses per minute over a dark rate averaging 13 per minute. An 
increase 100 times smaller, corresponding to '^10® photons per second, 
could have been detected. 
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The number of elementary reactions taking place per second when the 
reaction was proceeding to completion in 20 min. from an initial pressure 
of 10 mm. of mercury in the 600-cc. bulb, was calculated to be ^10^®. 
Therefore, less than 10® photons in the region X = 2500 A. are emitted by 
10^® reacting molecules, i.e., less than 1 photon by 10® molecules. 

Emission of electricity 

Several processes may be responsible for the passage of a current be¬ 
tween the catalyst and the collecting electrode. Electrons maybe emitted 
from the metal by a purely thermionic process or under the influence of 
the chemical reaction, as was shown by Denisoff and Richardson (3) 
in the case of alkali metals reacting with halogens. The adsorbed gases 
may also form ions, positive or negative, which are removed by the ap¬ 
plied field. Any one of these processes may mask the effect which was 
looked for in the present experiments, i.e., the production of ions by the 
reaction itself. In order to distinguish between these various possible 
sources of current, experiments were conducted under different conditions 
as follows: 

In investigating the emission of negative electricity, the platinum 
filament was first glowed in a vacuum for several hours and then raised 
to a potential of —135 volts respective to the collecting electrode. The 
lowest temperature at which a thermionic emission was recorded was 750®C. 
Measurements were then made in the presence of the reaction mixture. 
The gases were first admitted and the filament heated to 250®C. to start 
the reaction. No emission was observed before the setting in of the 
reaction. During the reaction the gas pressure, the current, and the 
temperature of the filament (which was not controlled) were measured. 
Some of the results obtained with different mixtures are shown in figure 4. 
The upper part contains the time-pressure curves, while the corresponding 
time-current curves are shown in the lower part of the figure. Both 
temperature and current rose to a peak during the first seconds and then 
went down very rapidly. Curve V was obtained with a potential dif¬ 
ference of —500 volts; after 3 min. the pressure had decreased to such a 
point that a gas discharge set in. 

The very weak currents observed do not seem to be due to the reaction 
itself, since their intensity is not proportional to the velocity of the re¬ 
action. It is improbable also that they be emitted by a mechanism 
similar to that found by Denisoff and Richardson (3), as the energy of the 
reaction (57 kg-cal.) is much smaller than the lowest value of the work- 
function of platinum (4.1 volts or 96 kg-cal.) observed by Suhrmamn (12) 
in the presence of hydrogen. Only the possible intermediate steps with 
energies above 100 kg-cal. could give rise to such an emission. These 
negative currents may be accoimted for by a simple thermionic emission, 
assuming that, under the influence of the reaction, active spots on the 
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platinum surface are raised to temperatures far above that of the bulk of 
the filament as measured by the Wheatstone bridge. 

The emission of positive electricity was found to be very much the same 
during the reaction as in the presence of oxygen alone, as indicated by the 
curves on figure 6. In order to obtain a sharper definition of the threshold 



Fio. 4. Negative emiseion with different mixtures 

temperature, the feet of the curves were determined again with an in¬ 
creased sensitivity of the electrometer and are plotted on an enlarged scale 
in the upper left-hand comer of the figure. The vacuum emission was 
obtained after the filament had been glowed overnight at about 1000°C. 
in a vacuum of 10“‘ mm. of mercury. Similar measurements were carried 
out in oxygen at 10 mm. of mercury and in a stoichiochemical mixture of 
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oxygen and hydrogen at a total pressure of 10 mm. of mercury. It is 
clear that the effect of the reacting mixture does not differ appreciably 
from that of oxygen alone. Moreover, the emission begins at the same 
temperature, about 340®C., in a vacuum and in oxygen, with the sole 
difference that its intensity is lower in a vacuum. It seems that in all 



three cases, the emission is connected with the presence of oxygen on the 
surface of the platinum, the gas being imperfectly removed by the pre¬ 
heating of the filament. 

If the charged particles were produced directly by the reaction their 
removal by a field might be expected to alter the velocity of the reaction. 
That such is not the case was shown by repeating the curves of figure 3 
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with the filament 136 volts positive as well as negative respective to the 
collecting electrode. No difference in the reaction velocity was detected. 

It is interesting to note that the temperature of 340®C., at which positive 
emission sets in, is very nearly the same as that at which Reischauer (11) 
observed the beginning of an activated adsorption of oxygen. 

SUMMARY 

1. The reaction H 2 + JOj H 2 O, catalyzed by a platinum filament, 
has been studied at pressures of the order of 10 ram. of mercury and 
temperatures ranging from 80®C. to 170°C. The velocity curves have 
been determined. 

2. Photoelectric tube counters have been used to detect an emission of 
ultraviolet radiation by the reaction. If such radiation is emitted, its 
intensity must be below 1 photon per 10® reacting molecules. 

3. Negative electricity is emitted from the filament during the reaction 
and may be due to a localized thermionic effect. The emission of positive 
electricity seems to be independent of the reaction and sets in at a tem¬ 
perature of about 340°C., at which an activated adsorption of oxygen 
has been reported to take place. 
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When colloidal gold is prepared by reduction of an alkaline solution of 
potassium aurate by formaldehyde the nature of the color change that 
takes place indicates that the reaction is probably autocatalytic. Thus, 
at a given temperature and with a given concentration of reactants the 
reaction mixture remains colorless for several minutes; then the color 
begins to appear, very slowly at first, then more rapidly until, finally, the 
end of the reaction is reached with what might be described as a rush of 
color. If the concentration of the reactants, the temperature, and the 
rate of addition of the reactants are carefully controlled, the sol obtained 
has a clear orange-red color. However, in arriving at this final color, the 
sol generally goes through a color change from lavender to blue to violet 
to violet-red to orange-red. 

Zsigmondy and Hiickel (3) have followed the rate of this reaction by 
comparing the color of the reaction mixture at any time with a set of 
standards of known colloidal gold content. Their results indicate that the 
reaction is autocatalyzed and is complete when the color intensity reaches 
a maximum, Zsigmondy and Hiickel prepared their sols under such con¬ 
ditions that the blue color noted above did not appear. When this blue 
color appears, as was the case in the present study, a color comparison 
method for following the rate of the reaction is not satisfactory. Since 
the reduction of potassium aurate by formaldehyde is accompanied by a 
change in the pH of the system, this pH change was used as a means of 
following the reaction. 


PREPARATION OP SOLS 

All sols were prepared by the reduction, with formaldehyde, of a solu¬ 
tion of gold chloride made alkaline with potassium carbonate. A small 
amount of resorcinol was added to aid in the formation of nuclei. The 
following directions are typical: To 1945 cc. of water add, in turn, 20 cc. 
of a 1 per cent solution of gold chloride, 20 cc. of a 2 per cent solution of 
potassium carbonate, 5 cc. of 0.001 M resorcinol, and 10 cc. of a 1 per cent 
solution of formaldehyde. Stir for 1 min. and allow to stand at 20®C. 
until the reaction is complete. 

The above directions were varied by changing, in turn, the temperature, 
the concentration of potassium carbonate, the concentration of formalde¬ 
hyde, and the concentration of resorcinol. Within limits, these variations 

^ Wisconsin Alumni Research Foundation Assistant. 
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TABLE 1 


Reaction mixture: 1940 cc. H 20 ,90 oc. of 1 per cent HAuCL) 90 cc. of 9 per cent KsCOt) 
10 cc. of 0.001 M reeorcinolt 10 cc. of 1 per cent HCHO 
T - 24®C. 


A 

NITBOOBN BUBBLED THROUGH 
80L DURING FORMATION 

B 

SOL FORMED IN ATMOSPHERE 
or NITROGEN 

C 

SOL FORMED IN ATMOSPHERE 

OF NITROGEN 

Time 

pH 

Time 

pH 

Time 

pH 

minuiea 


mtnules 


minutM 


10 

9.53 

16 

9.55 

5 

9.66 

31 

9.38 

30 

9.44 

30 

9.50 

60 

9.31 

60 

9.32 

90 

9.34 

75 

9.19 

90 

9.28 

120 

9.29 

100 

9.03 

105 

9.31 

130 

9.23 

135 

8.44 

120 

9.29 

140 

9.03 

141 

8.32 

130 

9.26 

150 

8.41 

160 

8.22 

140 

9.19 

160 

7.66 

160 

8.14 

150 

8.74 

170 

7.42 

170 

8,10 

160 

7.81 

180 

7.36 

180 

8.07 

170 

7.50 

190 

7.34 

200 

8.05 

180 

7.43 

200 

7.33 



190 

7.38 





200 





TABLE 2 

Reaction mixture: 1940 cc. H 2 O, 90 cc. of 9 per cent K 2 COa, 90 cc. of 1 per cent HAuCL, 

10 cc. of 1 per cent HCHO 
T « 20‘’C. 


A 

6 OC. OF 0.001 M RESORCINOL 

B 

10 cc. OF 0.001 M RESORCINOL 

Time 

pH 

Time 

pH 

minuUt 


minutei 


5 

9.59 

2 

9.63 

20 

9.50 

10 

9.60 

40 

9.43 

50 

9.43 

60 i 

9.40 

100 

9.33 

130 

9.21 

no 

9.28 

136 

9.12 

120 

9.25 

140 

8.88 

130 

9.00 

150 

8.29 

135 

8.52 

160 

7.91 

140 

8.21 

170 

7.84 

145 

8.06 

190 

7,72 

150 

7.90 

225 

7.60 

165 

7.80 

265 

7.51 

183 

7.67 

300 

7.41 

202 

7.61 



220 

7.69 
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changed the rate of sol formation but did not appreciably alter either the 
color of the final sol or the fundamental shape of the rate curve. 

All water used was redistilled from potassium permanganate in a Pyrex 
still. Steamed Pyrex glassware was used in all operations. 

MEASUREMENT OF pH 

The pH was measured by a Leeds and Northrup glass electrode unit 
No. 7685. In this unit the potential of the electrode is measured against 

TABLE 3 


Reaction mixture: 1946 cc. H 2 O, BO cc. of 1 per cent HAuCL, 6 cc. of 0.001 M resorcinol, 

10 cc. of 1 per cent HCHO 
T - 20^C. 


A 

%CC. OF2PBaCSNT 

KiCO, 

B 

18 cc. OF 2 PER cbut 
KsCOa 

C 

17 cc. OF 2 PER CERT 
KtCOl 

D 

16 cc. OF 2 PER CERT 
KiCOa 

Time 

pH 

Time 

pH 

Time 

pH 

Time 

pH 

minutea 


mintUea 


minutea 


minutes 


1 

9.73 

2 

9.63 

2 

9.19 

1 

8.73 

15 

9.50 

3 

9.57 

3 

9.10 

5 

7.90 

30 

9.46 

4 

9.54 

4 

9.07 

10 

7.80 

50 

9.42 

5 

9.49 

5 

8.99 

30 

7.72 

70 

9.33 

16 

9.41 

14 

8.85 

60 

7.65 

90 

9,32 

34 

9.35 

30 

8.71 

90 

7.57 

no 

9.27 

60 

9.25 

60 

8.50 

120 

7.53 

130 

9.23 

120 

9.10 

90 

8.33 

150 

7.50 

140 

9.20 

140 

9.05 

162 

7.91 

200 

7.45 

151 

9.13 

160 

8.97 

210 

7.84 

240 

7.43 

160 

8.90 

180 

8.88 

313 

7.67 

340 

7.38 

166 

8.43 

190 

8.80 

690 

7.38 

435 

7.35 

172 

7.98 

200 

8.69 



1095 

7.35 

180 

7.80 

210 

8.47 





190 

7.66 

216 

8.31 





200 

7.60 

222 

8.17 





267 

7.36 

230 

8.04 





300 

7.36 

240 

7.91 






i 

310 

7.38 







335 

7.36 






a calomel cell which is so constructed that connection between the sol 
and the saturated potassium chloride solution is made through a ground- 
glass joint. The amount of potassium chloride entering the sol is neg¬ 
ligible, so that coagulation of the colloid about the electrode does not take 
plP/ce. The electrode comes to equilibrium very quickly, so that a pH 
determination can be made in a few moments. The error in reading the 
instrument is not more than 0.02 of a pH unit. 






ko 


0. L fttubcimsim 6, fi. 


TABLE 4 

Reaction mixture: IQJfO cc, HtO, iO cc. of 1 per cent HAuCU, itO cc. of i pet ceht tCs06i| 
10 cc, of 0,001 M reaorcinoit 10 cc, of 1 per cent ECHO 


r 

12*C. 

B 

r - 8o*c. 

i 

Timt 

pH 

Time 

pH 

5 

9.83 

minufM 

5 

9.74 

17 

9.68 

17 

9.66 

30 

9.57 

30 

9.51 

60 

9.54 

73 

9.43 

90 

9.48 

100 

9.38 

108 

9.46 

150 

9.31 

140 

9.46 

180 

9.27 


9.46 

200 

9.25 


9.31 

220 

9.17 

430 

9.27 

230 

9.04 

460 

9.21 

240 

8.65 

480 

9.04 

250 

8.10 

495 

8.84 

260 

7.86 

510 

8.38 

270 

7.73 

580 

7.72 

285 

7.64 

650 

7.58 

300 

7.53 

680 

7.58 




TABLE 6 


Reaction mixture: 1940 cc, HsO, 90 cc, of 1 per cent HAuCL, 10 cc, of 0,001 M resorcinol 

T - 20®C. 


A 

10 00 . or 1 PBB CBMT HCHO 

B 

12 00 . or 1 PBB cBirr HCHO 

0 

14 CO. OP 1 PBB CBMT HCHO 

lime 

pH 

Time 

pH 

Time 

pH 



minuiet 


minulM 


5 

9.66 

5 

9.64 

5 

9.61 

30 

9.30 

30 i 

9.44 

30 

9.36 

90 

9.34 

60 

9.30 

60 

9.20 

120 

9.29 

90 

9.16 

90 

8.65 

140 

9.03 

100 

9.00 

100 

8.50 

150 

8.41 

120 

8.20 

120 

7.46 

160 

7.65 

140 

7.50 

140 

7.37 

170 

7.42 

150 

7.32 

150 

7.24 

180 

7.36 

160 

7.28 

160 

7.23 

190 

7.34 





200 

1 7.33 
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TABLE 6 

Rtaelion mixture: cc. HiO, iO cc. of 1 per cent HAuCL, tO ce. of t per cent KiCOi, 

5 cc. of 0.001 M resorcinol 
T 20°C.; no formaldehyde added 


A 

B 

Time 

pH 

Time 

pH 

minuUu 


minuttt 


1 

9.73 

1 

9.72 

5 

9.66 

5 

9.66 

10 

9.59 

10 

9.57 

15 

9.50 

15 

9.51 

20 

9.48 

20 

9.48 

30 

9.46 

30 

9.45 

50 

9.43 

50 

9.44 

60 

9.40 

60 

9.42 

80 

9.40 

80 

9.40 

90 

9.40 

90 

9.40 

120 

9.40 

120 

9.40 


TABLE 7 


Reaction mixture: The reaction mixtures from table which had been allowed to stand 
for H hr. at SO°C., were treated with 10 cc. of 1 per cent formaldehyde 


A 

B 

Time from addition of 

pH 

Time from addition of 

pH 

formaldehyde 

formaldehyde 

minutn 


mtnufet 


1 

9.33 

1 

9.32 

5 

9.32 

5 

9.32 

20 

9.33 

20 

9.32 

30 

I 9.27 

30 

9.28 

50 

9.25 

50 

9.25 

100 

9.17 

100 

9.13 

120 

9.00 

120 

9.02 

130 

8.50 

130 

8.52 

140 

8.20 

140 

8.10 

150 

8.04 

150 

8.02 

160 

7.88 

160 

7.90 

180 

7.56 

180 

7.60 

200 

7.51 

200 

. 7.50 

220 

7.40 

220 

7.37 


EXPERIMENTAL RESULTS 

Sols were prepared at various temperatures within the working range 
of the pH apparatus, and the change in the pH of the reaction mixture 
during the course of the formation of the sol was noted. In order to 




Fig. 1. pH change in gold sol formation. Curve A, data from table lA, nitrogen 
gas bubbled through sol during formation. Curves B and C, data from tables IB 
and IC, respectively; sol formed in atmosphere of carbon dioxide-free nitrogen. 
Curves D and E, data from tables 2B and 2A, respectively, showing influence of vary¬ 
ing amount of resorcinol on pH change. 



Fig. 2. The influence of concentration of potassium carbonate on pH change in 
gold sol formation. Curves A, B, C, and D represent data from tables 3A, 3B, 3C, 
and 3D, respectively. 



Fig. 3. The influence of temperature on the rate of pH change in gold sol forma¬ 
tion. Curves A and B represent data from tables 4A and 4B, respectively. 
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Fig. 4. The influence of concentration of formaldehyde upon the rate of pH change 
in gold sol formation. Curves A, B, and C represent the data from tables 6A, 5B, 
and 6C, respectively. 



Fig. 5. Curve A, data from table 6, pH change in formation of potassium aurate; 
curve B, data from table 7, pH change in reduction of potassium aurate by 
formaldehyde. 



Fig. 6 . Hate of pH change in gold sol formation 
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prevent a change in pH due to carbon dioxide dissolving from the air the 
sols were formed in an atmosphere of nitrogen. The results obtained are 
summarized in tables 1 to 7 and figures 1 to 6. 

DISCUSSION 

The typical curve obtained when the pH of the reduction mixture 
is plotted against time consists of four parts (figure 6). The first part of 
the curve, A-By in which the rate of change of pH is decreasing with time, 
probably represents the reaction of potassium carbonate with chloro- 
auric acid to form potassium aurate. The experimental data represented 
in figure 6a, in which the pH of a mixture of potassium carbonate, gold 
chloride, and resorcinol is plotted against time, support this contention. 
It is to be noted that the curve in figure 5A is of the same general form as 
A~B, The data represented in figure 5B also support the above conten¬ 
tion. When the potassium carbonate and gold chloride are allowed to 
react before the formaldehyde is added, part A~B of the type curve dis¬ 
appears. The chemical reaction taking place through A-B is generally 
considered to be: 

2HAuCl4 + 4 K 2 COS + 2 H 2 O = 2Au(OH)8 + 400* -|- 8KC1 
2Au(OH)3 + K 2 CO 3 == 2 KAUO 2 + CO 2 + 3 H 2 O 

The second part of the curve, B-C, which shows a very slowly ac¬ 
celerated increase in pH, is the induction period, during which nuclei are 
forming. The rate of the reaction becomes marked at C, increasing to a 
point where, approaching Z>, there is a rush of color. The increased rate 
of the reaction in part C-D may be interpreted as being due to the 
catalytic effect on the reduction process of the increased amount of surface 
of the colloidal particles which have been formed. As this surface area 
increases the rate of change of pH, that is, the rate of the reaction, increases 
very rapidly to a maximum. 

The fourth part of the curve, D-Ey may arise from two separate factors. 
First, there is the normal decrease in the rate of the reaction, due to de¬ 
crease in concentration of the reactants. The fact that the color of the 
sol does not change after point D is passed may appear to contradict this 
contention. However, the relative amount of colloid formed from D 
to is so small that the color change is not noticeable. The second factor 
may be the adsorption of hydroxyl ions from solution by the colloidal 
particles. Additional experiments, intended to verify or disprove this 
factor, are now under way. 

The normal color changes that accompany the change in pH are as 
follows: From A to B the reaction mixture is colorless. At £ a very faint 
lavender tint begins to appear. Between C and D the color ranges from 
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blue to violet to violet-red, finally becoming a clear orange-red. The ex¬ 
act origin of these colors can not be stated at this time. It seems probable 
that the potassium aurate is first reduced to blue colloidal aurous oxide, 
which is subsequently reduced to orange-red colloidal gold. The color 
changes observed could then be due to a change in the absolute and relative 
amounts of these two colloidal substances. It is hoped that studies with 
the polarograph, which are now under way in this laboratory, will throw 
more light on the cause of the color change. 

Table 4 and figure 3 emphasize the temperature dependence of the re¬ 
action, If the reaction mixture is heated to 90-95®C. the entire reaction 
is complete in about 10 min. 

The specific r61e of the resorcinol is being studied in more detail. As 
noted in table 2 and figure 1, however, an excess of resorcinol does not 
seem to alter the rate of the reaction. 

Table 3 and figure 2 simply confirm a fact already noted by other investi¬ 
gators, among them Beaver and Muller (1) and Kharasch and Isbell (2): 
namely, that the rate of reduction of the aurate increases with increase in 
the alkalinity of the system. 

Table 5 and figure 4 emphasize the mass law effect insofar as the con¬ 
centration of formaldehyde is concerned. In all cases the pH-time curve 
conforms to the general type already discussed. 

SUMMARY 

The changes in pH during the formation of gold sols have been measured. 
The experimental results appear to verify the fact that the reduction of 
potassium aurate by formaldehyde is an autocatalytic reaction. 
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THE SYSTEM SILVER SULFATE-ALUMINUM 
SULFATE-WATERi 

J. A. ADDLESTONE, L. R. MARSH, and G. C. HALL 
Department of Chemiatryj Virginia Polytechnic Institute, Blacksburg, Virginia 

Received May B5, 1939 

There are conflicting reports in the literature concerning the existence 
of silver alum. Kern (3) reported having made typical crystals of silver 
alum by evaporation of a mixed solution of silver sulfate and aluminum 
sulfate. Church and Northcote (2) described the preparation of this alum 
by heating a mixture of silver sulfate, aluminum sulfate, and water in a 
sealed tube until all the silver salt had dissolved. Both of these methods 
have been employed by other investigators (1) without being able to 
produce silver alum. Caven and Mitchell (1) investigated the system 
silver sulfate-aluminum sulfate-water and concluded that a crystalline 
silver alum does not form at 30®C. The present study was undertaken 
with the purpose of obtaining isotherms for this system at 0®C., 26®C., 
and 45®C. 


EXPERIMENTAL PROCEDURE 

Solutions were made, using c.p. silver sulfate and aluminum sulfate. 
For each isotherm a series of solutions was prepared containing vaiying 
concentrations of aluminum sulfate in contact with solid silver sulfate, and 
other solutions containing silver sulfate solutions in contact with solid 
aluminum sulfate. The solutions were placed in a constant-temperature 
water bath for the 25°C. and 45®C. isotherms, and in a water-ice mixture 
for the 0®C. isotherm. The solutions were shaken several times daily for a 
week and then allowed to settle completely so that the supernatant liquid 
was clear. It was shown by duplicate analyses that this allowed sufficient 
time for equilibrium to be reached. 

Samples of the clear liquid were taken for analysis through pipets with 
cotton filters. The solid phase was sampled with a glass spoon and as 
much of the liquid as possible was allowed to drain off. 

Silver was determined volumetrically by the thiocyanate method, and 
aluminum was determined by precipitation and ignition to the oxide. The 
silver was calculated to silver sulfate and the aluminum to aluminum 
sulfate; water was determined by difference. The composition of the 
solid phase in equilibrium with the various solutions was determined 

^ This paper is an abstract of theses submitted by L. R. Marsh and G. C. Hall in 
partial fulfillment of the requirements for the B.S. degree in chemistry. 

Fig. 1 . Solubility isotherms for the system silver sulfate-aluminum sulfate-water 
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graphically by means of intersecting tie-lines on a large-scale triangular 
diagram. 


TABLE 1 
isotherm 


UQUID PHAtl 

WBT BBB1D17K 

SOLID PHASE 

Moles 
AgsSOf 
per 1000 g. 
HtO 

Moles 
Al«(S04)t 
per 1000 g. 
HiO 

AgaS04 

A1i(804). 

HiO 

motes 

melee 

per cent 

percent 

per cent 


0.0177 

0 




Ag2S04 

0.0179 

0.0828 




AglSOi 

0.0185 

0.1674 

54.74 

2.17 

43.09 

Ag4S04 

0.0205 

0.2506 




Ag»S04 

0.0211 

0.3294 

62.36 j 

3.92 

33.72 

AgsSOi 

0.0211 

0.5245 




AgjSOa 

0.0213 

0.5956 

47.26 

8.10 

44.64 

Ag2S04 

0.0218 

0.8488 

27.45 

30.35 

43.20 

Ag 2 S 04 and Al 2 (S 04 )s- 18 H 20 

0 

0.9938 




AU(S 04 ) 8 - 18 H 20 


TABLE 2 
23°C, isotherm 


UOUID PHASE 

WET RESIDUE 

SOLID PHASE 

Moles 
AgiSOa 
per 1000 g. 
HiO 

Moles 
Alf(804)8 
per 1000 g. 
HiO 

Ag2S04 

1 

A1>(S04)8 

HiO 

moles 

moles 

per eeni 

percent 1 

percent 


0.0272 

0 




Ag,SO. 

0.0277 

0.1085 




Ag2S04 

0.0289 

0.2946 

71.42 

3.27 

25.31 

AgtSO. 

0.0290 

0.3856 




Ag2S04 

0.0304 

0.5141 




Ag2S04 

0.0307 

0.6068 

61.66 

6.26 

32.08 

Ag2S04 

0.0309 

0.8564 




Ag2S04 

0.0310 

1.047 

59.10 

10.32 

30.58 

Ag2S04 

0.0311 

1.099 

8.23 

40.18 

51.59 

Ag*S 04 and Al 2 (S 04 )i- 18 H 20 

0.0169 

1.117 

0.19 

40.00 

59.81 

Al 2 (S 04 )rl 8 H 20 

0 

1.157 




Al2(S04),18H,0 


DATA AND CONCLUSIONS 

The data for the three isotherms are given in tables 1 to 3 and shown 
graphically in figure 1. An inspection of these curves indicates that each 
isotherm consists of two solubility curves with no evidence of compound 
formation. 
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TABLE 8 


JiS^C. itotherm 


LIQUID PHA8B 

WST xasIDPS 

eoLiD FBAea 

Molae 
A£|804 
per 1000 g. 
HiO 

Molee 
Ab(S04)i 
per loop g.| 
HfO 

AfsS04 

AMBOOi 

HiO 

mole* 

moUa 

pereini 

pm'uni 

piroeni 


0.0333 





AgSOt 

0.0351 


52.87 

2.25 

44.88 

Ag»804 

0.0376 

0.1911 




AgtS04 

0.0386 

0.3587 

41.83 

7.04 

51.13 

AgsS04 

0.0397 





Aga804 

0.0399 


42.89 

12.14 

44.97 

Agt804 

0.0402 

1.284 


18.07 

41.37 

Ags804 8>nd A 1 s(S 04 )i* 18H|0 

0 

1.365 

i 



AU(S04)i*18Hi0 


4yc 
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SUMMARY 

The 0 ®C., 26®C., and 45®C. isotherms for the system silver sulfate- 
aluminum sulfate-water have been determined. 

The stable solid phases at these temperatures are Ag 2 S 04 and Al 2 (S 04 ) 8 ‘- 
I 8 H 2 O. 

There is no evidence of the formation of silver alum as a solid phase at 
the temperatures used in this study. 
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HYDROUS LANTHANUM HYDROXIDE AS AN EMULSIFYING 

AGENT 

THERALD MOELLERS 

Laboratory of General Chemistryt University of Wisconeinf Madison, Wisconsin 
Received Jvly 84, 19S9 
INTRODUCTION 

Very little information exists relative to agitating hydrous oxide and 
hydroxide sols with immiscible liquids, although it has been recognized 
that certain oxides and hydroxides can stabilize emulsions. Reinders 
( 6 ) shook several sols, among them ferric oxide, with a number of organic 
liquids and found the suspended matter to concentrate at the interface in 
nearly all cases. Briggs ( 1 ) found that a hydrous ferric oxide sol when 
shaken with either benzene or kerosene gave rise to oil-in-water emul¬ 
sions providing a small amount of a weakly flocculating electrolyte were 
present. Klein (2) was unable to precipitate such sols as ferric and 
aluminum oxides with various organic compounds. 

In a preliminary experiment in which portions of a hydrous lanthanum 
hydroxide sol were shaken with equal volumes of different immiscible 
organic liquids, it was found that white foam-like emulsions floated to the 
top with benzene, toluene, and xylene. With ether, isoamyl alcohol, 
carbon tetrachloride, and chloroform, however, emulsions were not 
produced. 

^ Present address: Noyes Chemical Laboratory, University of Illinois, Urbana, 
Illinois. 
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EXPERIMENTAL 

For the experiments which follow a sol was prepared which contained 
1.492 g. of lanthanum oxide and 0.031 g. of chloride per liter, the purity 
ratio being 15.7 (3, 4). Carbon dioxide-free water was used throughout, 
and the organic compounds were of analytical reagent quality. 

A. Effect of sol concentration 

To each of a series of glass-stoppered bottles containing the amounts of 
the sol indicated in table 1 was ^ded 15 ml. of toluene. Each bottle 
was shaken vigorously for 2 min. and observed at once. 

TABLE 1 


Effect of sol concentration using toluene 


BOTTLB 

SOL 

WATSR 

OBBSRVATlOlfB 


nU . 

mi . 


0 

0 

15 

Immediate separation to two layers 

1 

1 

14 

] 

2 

2 

13 

1 Concentration of La(OH)8 at inter- 

3 

3 

12 

I face 

4 

4 

11 

] 

5 

5 

10 

' 

6 

6 

9 


7 

7 

8 


8 

8 

7 


9 

9 

6 


10 

10 

5 

' White foamy emulsion on top 

11 

11 

4 


12 

12 

3 


13 

13 

2 


14 

14 

1 


15 

15 

0 



In the bottle containing no sol, no emulsion resulted. Bottles 1, 2, 3, 
and 4 showed a definite white layer of lanthanum hydroxide at the water- 
toluene interface. Beginning with bottle 5, an emulsion formed in each 
instance, the size of the droplets decreasing with increasing sol concen¬ 
tration. It would thus appear that insufficient lanthanum hydroxide to 
promote emulsion stability was present until bottle 5 was reached. In 
the formation of the emulsions, considerable lanthanum hydroxide was 
removed from the water layer. 

Similar results were obtained with benzene. The emulsions produced 
with either liquid were extremely stable and showed no tendency to 
break. 
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B. Effect of colloidal gold 

Into a series of test tubes were measured the amounts of hydrous lan¬ 
thanum hydroxide sol and gold sol (containing 0.05 g. of gold per liter, 
undialyzed) indicated in table 2. Five milliliters of toluene was added 
to each, followed by shaking for 30 sec. 

Stable emulsions formed until 1.8 ml. of the gold sol had been added, 
this quantity of gold sol being that required to produce immediate floc¬ 
culation when added to the lanthanum hydroxide sol. From this point on, 
although emulsions did not form, there was a concentration of reddish 
floe at the water-toluene interface in all cases. 

TABLE 2 


Effect of colloidal gold using toluene 


TUBS 

La(OH)i SOL 

GOLD SOL 

OBSBRVATIONB (AT ONCB) 


ml. 

ml. 


1 

5.0 

0 


2 

4.8 

i 0.2 


3 

4.6 

0.4 


4 

4.4 

0.6 


5 

4.2 

0.8 

Stable emulsion 

6 

4.0 

1.0 


7 

3.8 

1.2 


8 

3.6 

1.4 


9 

3.4 

1.6 


10 

3.2 

1 1.8 


11 

3.0 

1 2.0 


12 

2.8 

2.2 


13 

2.6 

2.4 

No emulsion 

14 

2.4 

2.6 


16 

2.2 

2.8 


16 

2.0 

3.0 



The gold was carried into the emulsion, apparently because of adsorption 
on the lanthanum hydroxide, for the gold sol alone was incapable of 
stabilizing an emulsion. As the amount of gold increased, the emulsions 
became increasingly reddish in color and appeared jewel-like by reflected 
light. Emulsions containing moderate amounts of gold were stable for 
indefinite periods. 

C. Effect of flocculating electrolytes 

In order to determine the effects of the presence of various ions, 5-ml. 
portions of the hydrous lanthanum hydroxide sol were flocculated with 
excesses of a number of electrolytes. When the floes had definitely settled, 
6 ml. of toluene was added to each, followed by vigorous shaking. An 
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emulsion, accompanied by the removal of the coagulum from the aqueous 
layer, resulted in the presence of potassium ferrocyanide, potassium ferri- 
cyanide, potassium arsenate, primary, secondary, and tertiary potassium 
phosphates, potassium dichromate, potassium chromate, potassium 
sulfate, potassium fluoride, potassium chloride, potassium bromide, 
potassiiun iodide, potassium thiocyanate, sodium sulfate, sodium thio¬ 
sulfate, sodium tetraborate, magnesium sulfate, and lithium chloride. 
With sodium- carbonate and sodium sulfite, however, emulsions were not 
formed, nor was there any concentration of the hydroxide at the water- 
toluene interface. 

D. Action of precipitated hydrous lanthanum hydroxide 

A sample of hydrous lanthanum hydroxide was precipitated from a 
hot solution of lanthanum chloride with ammonium hydroxide and washed 
until chloride-free. Portions of an aqueous suspension of this were 
placed in glass-stoppered bottles and shaken with various liquids. With 
ether, isoamyl alcohol, carbon tetrachloride, and chloroform there was 
an immediate separation into two liquid layers, and the hydroxide settled 
out in the water layer. With benzene, toluene, xylene, mesitylene, 
kerosene, gasolene, and turpentine, however, very stable emulsions were 
produced, and the lanthanum hydroxide was completely removed from 
the aqueous layer. 


DISCUSSION 

These emulsions were of the oil-in-water type. For toluene-containing 
emulsions this was easily proved by treatment with small amounts of an 
iodine solution. The emulsions were colored pink, and closer examination 
revealed them to be made up of tiny pink droplets. 

That hydrous lanthanum hydroxide was the emulsifying agent follows 
not only from the fact that aqueous solutions of lanthanum salts failed to 
produce emulsions when shaken with the various liquids but also from the 
fact that the addition of small amounts of hydrochloric acid (which would 
dissolve the lanthanum hydroxide) immediately broke the emulsions, 
causing the separation of two liquid layers. Hydrous lanthanum hy¬ 
droxide must, therefore, concentrate at the interface between the oil and 
the water, and since the oil is always the dispersed phase, the hydroxide 
must be wetted better by water than by the organic liquid (5). 

Apparently the physical character of the emulsifying agent had little 
to do with its action. The ability of colloidally dispersed hydrous lan¬ 
thanum hydroxide to stabilize these emulsions distinguishes it from the 
colloidal ferric oxide reported by Briggs (1). It is also interesting to note 
that when mutually flocculated by colloidal gold lanthanum hydroxide 
loses its emulsifjdng power. Inasmuch as the gold is adsorbed on the floe, 
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it is probable that the lanthanum hydroxide thereby loses some of its 
surface activity, although such an explanation does not account for the 
formation of an emulsion when a sol is flocculated by various electrolytes. 

It is to be noted that of the liquids investigated only the hydrocarbons 
were emulsified. 


SUMMARY 

1. Hydrous lanthanum hydroxide, whether colloidally dispersed, 
flocculated from a sol by certain electrolytes, or precipitated from lan¬ 
thanum salt solutions, stabilizes oil-in-water emulsions. The dispersed 
phase may be benzene, toluene, xylene, mesitylene, kerosene, gasolene, 
or turpentine. 

2. Emulsions are not produced with ether, isoamyl alcohol, carbon 
tetrachloride, or chloroform. 
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Streaming potential measurements on barium sulfate diaphragms were 
suggested by the studies of Julien ( 2 ) on silver bromide. Julien found 
that capillaries obtained by fusing the salt had a permanent negative 
electrokinetic charge against all concentrations of silver nitrate in the 
streaming liquid. It is nevertheless generally admitted that silver halide 
sols acquire a positive charge in even very dilute silver nitrate solutions, 
as does barium sulfate in an excess of barium chloride. We have shown 
(4) that barium sulfate crystals with regular walls and an even shape 
(natural barite or barium sulfate precipitated in very dilute solutions) 
remain negative in barium chloride solutions of concentrations ( 0.001 
mole per liter) such that streaming potentials are still measurable. Finely 
precipitated crystals with a great adsorptive surface behaved differently, 
and their charge was reversed to a positive sign at very low barium chloride 
concentrations (i 2 ^ moles per liter*). However, the diaphragms used 
did not permit measurements of the surface conductance, and the poten¬ 
tial could only be calculated by introducing, in the well-known von Smolu- 
chowski formula, the conductivity of the liquid in the bulk. 

We have resumed these experiments, using the technique of this labora- 
toiy, in which both the streaming potential and the conductivity of the 
liquid in the diaphragm are measured with the same electrodes. 

experimental 

Preparation of the barium sulfate 

The mode of formation of the crystals has a great influence on their 
electrical and adsorptive properties. Attention must be paid to the temper¬ 
ature of the solution, the concentration of the SO 4 or Ba++ ions in excess 

^ Paper No. 1692 of the Scientific Series of the Minnesota Agricultural Experiment 
Station. 

* Advanced Fellow of the Belgian-American Educational Foundation. Professor 
of Pharmaceutical Chemistry in the University of Ghent, Belgium. 

• 1m mole •■IX mole. 
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during the formation, and the conditions for the growing and agii^ of the 
crystals. The sign was always negative when the barium sulfate was 
formed from exactly equimolar (0.1 M) barium chloride and potassium 
sulfate (or sodium sulfate) solutions, at the boiling temperature, and after 
being subjected to an aging and desorption procedure for several weeks. 
During these experiments we obtained some information about the in¬ 
fluence of some factors on the charge and the adsorption of barium chloride 
by the formation of barium sulfate in an excess of barium ions. The main 
factor in obtaining negatively charged crystals was to leave the mother 
solution (containing the potassium chloride formed) in contact with the 
precipitate for 24 hr. If the solution was siphoned off and replaced by 
cold conductivity water, the desorption of the barium ions in the presence 
of potassium chloride was not complete and the barium sulfate (samples 
No. 10 and No. 12) was still positively charged even after several weeks 
aging and washing with water. This positive barimn sulfate could be 
rendered negative by treatment with potassium chloride (see below). 

After numerous tests the following method of preparation was adopted: 
One liter of distilled water was heated to boiling in a 4-liter Pyrex beaker. 
Separate portions of 1 liter each of exactly 0.100 M barium chloride and 
0.100 M potassium sulfate (or sodium sulfate) solutions were brought to 
boiling. Aliquots of these hot solutions (50 ml.) were poured into two 
separatory funnels, from which they were dropped at slow and equal rates 
into pure water which was maintained at the boiling point. The entire 
precipitating process required approximately 1 hr. The boiling solution 
was kept stirred for a further 2 min. and was then allowed to settle for 
15 min. The clear supernatant liquid was siphoned off and replaced with 
distilled water, which was left in contact with the precipitate for 24 hr. 
The water was then poured off and the precipitate was transferred to a 
sintered-glass filter with 100 cc. of boiling water and washed thoroughly 
to the absence of chlorides. The crystals were then transferred to a 
1-liter flask with distilled water, shaken, and washed by decantation during 
2 or 3 weeks, the water being renewed twice a day. The conductivity of 
the water remained constant after 2 weeks’ washing. 

The measuring device 

The diaphragm and the streaming potential apparatus were essentially 
as used by Martin and Gortner (7), although the cell used was that of 
Lauffer and Gortner (6). 

In order to prevent the fine barium sulfate from being carried away 
with the streaming liquid, the perforated platinum electrodes were covered 
by a double disc of ash-free, washed filter paper. The relative resistance 
to flow through this cellulose membrane was negligible as compared to the 
resistance to flow through the barium sulfate diaphragm. A tight packing 
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of the powder in the diaphragm was secured, as this was essential for 
reproducible and constant streaming potentials. The rate of flow in the 
different diaphragms was kept in the same range and averaged about 
0.0522 cc. per second, for a pressure difference of 26.6 cm. of mercury. 

The potentials were measured with a Leeds and Northrup precision 
potentiometer, using a Dolezalek quadrant electrometer as a null instru¬ 
ment. The absolute accuracy was about 0.5 millivolt. 

The specific conductivity of the liquids in the pores of the diaphragms 
and in equilibrium with the crystals was measured with the ordinary 
Wheatstone bridge, using a 1000-cycle current and telephones. The 
precision even in pure water was quite satisfactory. In the determina¬ 
tion of the cell constant the streaming liquid was replaced by iV/10 potas¬ 
sium chloride solution, which was repeatedly sucked and streamed through 
the diaphragm until, after several hours of treatment, the resistance 
remained constant. 


The electrokinetic potentials were calculated from the well-known 
formula 




4injic,J5 


where represents the coefficient of viscosity, E the measured potential, 
P the pressure, and € the dielectric constant of the liquid. When E and 
f are expressed in millivolts, P in cm. of mercury, and in reciprocal ohms, 

r = 84.76 XvX K.X^XpX10' 

For electrolyte solutions in water (c = 80.0 and v = 0.01), 

f = 1.06 X 10* X 

Bull and Gortner (1) proposed that electrokinetic measurements be 
expressed in terms of qdy the electric moment per unit area, following the 
equation 



which does not involve the dielectric constant, as we do not know its 
exact value in the double layer where it is probably different from the 
€ of the bulk solution. In electrostatic units, qd = 226,200i;/c« X E/P, 


DATA 

The streaming potentials were largely determined on the same sample 
of barium sulfate (No. 13, prepared as above from equimolar solutions) 
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agaiiist water or barium chloride or other electrolyte solutiona, saturated 
with barium sulfate at room temperature. The liquid was always streamed 
through the diaphragm until the potential remained constant. The 
electrolyte solution was also frequently replaced by a fresh one, as the 
concentration could have changed by desorption or by the displacement 
of the weaker solution from the preceding determination. The effects of 

TABLE 1 


Constancy of E/P for various determinations of the electrokinetic potential in a barium 
sulfate diaphragm against 100 molar barium chloride solution 
Cell constant >• 6.713 


■ZPBBl- 

MBIIT 

NO. 

E 

P 

E/p 

■XPBBX- 

M3BMT 

NO. 

E 

P 

E/P 

1 

mv, 

+ 118.0 

em, Hg 

20.66 

+ 6.71 

9 

me . 

91.5 

cm, Hg 

16.10 

6.68 

2 

116.5 


6.66 



12.60 

6.72 

3 

163.0 

28.36 

6.76 

11 

69.5 

12.46 

6.60 

4 

162.0 


6.76 

12 

61.6 

msEm 

6.70 

5 


31.96 

6.66 

13 

46.5 

8.20 

6.67 

6 

179.6 

31.46 

6.71 

14 

46.6 

8.1 

6.61 

7 

168.0 

29.75 

6.66 

15 

43.6 

7.66 

6.71 

8 

146.6 


6.75 

16 


7.30 

5.76 


TABLE 2 

The effect of the concentrcUion of barium chloride in the streaming liquid on the sign 
and magnitude of the electrokinetic potential on barium sulfate crystals 
Cell constant » 6.713 


BX« 

PBBl- 

MNNT 

WnUBAMINa UQUID 

E 

P 

E/P 


t 


NO. 










mv. 

cm. Hg 


mhov X 

mv. 


1 

HsO 

- 90,6 

21.60 

- 4.190 

1.76 

- 7.81 

- 16.70 

2 

26 m molar BaClg 

+ 94.5 

21.60 

+ 4.399 

1.34 

+ 6.21 

+ 13.22 

3 

100 m molar BaCls 

+ 146,6 

26.60 

+ 6.760 

3.00 

+ 18.30 

+ 39.02 

4 

260 m molar BaCls 

+ 71.0 

20.86 

+ 3.410 

7.73 

+ 27.87 

+ 69.60 

6 

600 m molar BaCls 

+ 66.6 

23.60 

+ 2.372 

14.06 

+ 36.31 

+ 76.60 

6 

1000 m molar BaCls 

+ 33.6 

24.20 

+ 1.386 

28.17 

+ 41.20 

+ 87.80 


polarization of the electrodes or of differences in the liquid levels were 
cancelled by taking the average of the potentials measured in both stream¬ 
ing directions. The absolute value as well as the sign of the potentials 
were checked with a normal Weston element. As the diaphragms were 
tightly packed, the streaming potential was independent of pressure in 
tile experimental range. This is illustrated in table 1 (results in the 
successive order of the ei^riments). 

In table 2 and figure 1 are presented the equilibrium values acquired in 




























ELECTROKINETIC POTENTIALS OP BARIUM SULFATE 


269 


successive barium chloride solutions of increasing concentrations. A 
sharp reversal in charge of the initially negative crystals occurred at a 
concentration which we can estimate by interpolation to approximate a 
barium chloride concentration of 5 m moles. 

In table 3 and figure 1 are presented the data obtained using potassium 
chloride in the streaming liquid with a freshly prepared diaphragm of the 
same barium sulfate. After a first inflection in the curve, the potential 
values remained nearly constant; no charge reversal was observed. 



Fio. 1. Showing electrokinetic potential curves of barium sulfate in solutions of 
potassium chloride, barium chloride, and mixtures of potassium chloride and barium 
chloride. 


The potentials of mixed barium chloride and potassium chloride, pre¬ 
sented in table 4 and figure 1, illustrate the antagonism between these 
two electrolytes, already demonstrated for cellulose and potassium chlo- 
ride-^calcium chloride systems (8). It is important to notice that the 
barium ions were not desorbed by a saturated barium sulfate solution. 
This desorption could be followed by the decrease of the f-potential when, 
after the determination with 1000 ^ molar barium chloride (experiment 6), 
the electrolyte solution was displaced by distilled water. Table 5 shows 
this decrease as a function of the time of thorough streaming (the liquid 
being renewed every hour). 
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The diaphragm was next streamed with 250 m molar potassium chloride 
and 1000 m molar potassium chloride, with the measured values shown in 

TABLE 3 

The effect of the concentration of potaaeium chloride in the etreaming liquid on the sign 
and magnitude of the electrokinetic potential on barium sulfate crystals 
Cell constant » 5.337 


sx* 

PBR1« 

IIXNT 

MO. 

BTBBAMINO UQUXD 

B 

P 

E/P 

KS 

f 

qd 



mu. 

cm, Hg 


mhos X 

m». 

s.a.v, 

X io* 

7 

H,0 

-94.0 

27.90 

-3.373 

2.050 

-7.31 

-16.61 

8 

10 fi molar KCl 

-128.0 

25.60 

-4.925 

2.133 

-11.10 

-23.65 

9 

20m molar KCl 

-78.5 

23.40 

-3.358 

1.557 

-6.31 

-11.83 

10 

50m molar KCl 

-63.5 

23.90 

-2.658 

2.123 

-6.98 

-12.79 

11 

100 m molar KCl 

-38.5 

23.20 

-1.660 

1 2.780 

-4.89 

-10.43 

12 

240m molar KCl 

-16.5 

22.65 

-0.728 

4.960 

-3.83 

-8.17 

13 

500m molar KCl 

-9.8 

23.10 

-0.424 

i 8.910 

-4.01 

-8.60 

14 

1000m molar KCl 

-8.5 

23.70 

-0.274 

15.08 

-4.37 

-9.35 


TABLE 4 

The effect of the concentration of potassium chloride and barium chloride in a mixed 
solution in the streaming liquid on the sign and magnitude of the electrokinetic 
potential on barium sulfate crystals 
Cell constant =* 5^465 


BX- 

PBBX- 

MBMT 

NO. 

eTBBAUXNa UQUXD 

E 

P 

E/P 

KS 


qd 

15 

H,0 

mv. 

-89.0 

cm, Hg 

22.80 

-3.908 

mhoa X 
10* 

1.717 

mv. 

-7.12 

JS.s.u, 

X 10* 

-16.18 

16 

25 m molar BaChl 

25m molar KCl / . 

+54.0 

23.3 

+2.319 

1.890 

+4.64 

+9.90 

17 

100 m molar BaCh^ 

68.5 

22.9 

+2.920 

4.525 

+13.98 

29.80 


100m molar KCl / 

18 

250m molar BaChl 

250m molar KCl J. 

50.5 

30.1 

+1.678 

11.60 

+20.41 

43.55 

19 

500m molar BaCljl 

500m molar KCl / ’ ' 

26.76 

24.8 

+1.080 

21.45 

+24.60 

52.48 

20 

1000m molar BaCh^ 

17.6 

28.0 

+0.632 

37.48 

+26.07 

53.50 


lOOO/i molar KCl / 


table 6. When the electrolyte solution was washed away and twice- 
nmewed distilled water (saturated with barium sulfate) was streamed for 
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30 min., the charge of the crystals again became negative. A new run 
with a 260 n molar barium chloride solution of barium sulfate similarly 
treated reproduced closely the value of experiment 4; No. 23: 250 m moles 
of barium chloride per liter, E = 80.0 millivolts, P = 24.65 cm. of mercury, 
E/P s= 3.245, Ks = 8.378 mhos X 10®, f = 28.8 millivolts. 

The desorption of the positively charged barium ions by an excess of 
potassium chloride was confirmed with other barium sulfate samples 
prepared in the same way. Sample No. 10 was prepared by the described 
procedure but using a 0.110 M barium chloride solution, so that the mother 
liquor after precipitation contained 0.066 mole of potassium chloride and 
0.0033 mole of barium chloride per liter. The mother liquor was siphoned 

TABLE 5 

Change in electro kinetic potential on barium sulfate crystals as the streaming liquid 
progressively changes from 1000 m molar barium chloride solution to pure water 


TlliB 

f 

TIMS 

r 

Aoura 

tnv. 

hourt 

TW®. 

0 

+41.2 

6 

9.31 

2 

16.22 

8 

7.08 

4 

12.17 

10 

6.35 


TABLE 6 


Change produced in electrokinetic potential of the barium sulfate crystals remaining 
from the experiments of table 5 as potassium chloride solutions are 
streamed through the mass 


BX> 

PSB1< 

MBKT 

NO. 

STRSAMINQ LIQUID 

E 

i 

P 

B/P 

1 

j 

r 

i 

qd 



mv. 

cm. Hg 


mhos X 10* 

mv. 

E.s.u, X m 

21 

250 m molar KCl 

+37.0 

22.50 

+1.635 

3.788 

+6.55 

+13.96 

22 

1000M molar KCl 

+10 0 

23.45 

+0.426 

j 16.670 

1 +7 54 

+ 16 08 


off after 15 min. This barium sulfate was positively charged and the 
charge could be reversed in the same way by treatment with M/10 potas¬ 
sium chloride followed by washing out the potassium chloride. When, 
after the precipitation, the mother solution remained for 24 hr^ in contact 
with the crystals, the electrokinetic potential was negative and of the 
same order of magnitude (f = —■ 6.38 millivolts, cell constant = 5.854) 
as for barium sulfate precipitated from equivalent solutions. 

It is important to notice that the curve of the change in the f-potential 
with barium chloride concentration does not follow the Freundlich adsorp¬ 
tion isotherm. We have here a typical adsorption of a positive potential¬ 
determining ion (Ba+‘**) (6, 10, 9), assuming the potentials (or the electric 
moment) as being regularly proportional to the number of ions adsorbed. 
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Figure 2 shows a linear relationship between f and log C and not between 
log f and log C. 

Kolthoff and MacNevin (3) found that the adsorption of barium salts 
on barium sulfate and of salts having no ion in common with the lattice 
is much greater from 50 per cent ethanol than from water. Here the 
adsorption of barium salts (chloride and nitrate) was a molecular adsorp¬ 
tion and followed the Freundlich adsorption isotherm; potassium bromate 
also gave an equivalent adsorption of cations and anions. 

With the same sample of barium sulfate (No. 13) the streaming poten¬ 
tials of barium chloride, barium nitrate, and potassium bromate were 



Fio. 2. Showing relationships between the electro kinetic potential of barium sul¬ 
fate and the concentration of barium chloride in the streaming liquid. 


measured in a 50 per cent ethanol solution saturated with barium sulfate. 
This solvent was prepared by mixing equal volumes of pure ethanol and 
distilled water. The viscosity of this solvent, containing 500 /i molar 
barium chloride, was measured with an Ostwald viscosimeter (17 = 0.0282), 
and the value for e (48.5) introduced in the calculations was taken from the 
International Critical Tables. The different values measured are shown 
in table 7 and figure 3. The potentials in this alcohol solution are much 
higher than in the corresponding aqueous solutions. The slope of the 
curve also is different, and a saturation charge was obtained at a lower 
concentration, and remained unchanged by the higher concentrations. 
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TABLE 7 


Changes produced in the electrokinetic potential when various electrolytes dissolved in 
SO per cent ethanol were streamed through a barium sulfate diaphragm 


■X- 

PBRI- 

ICKNT 

NO. 

BLECTHOLTrS IN BTRB AMINO 

UQUID 1 

E 

r 

E/P 

ICm 


qd 



mv. 

cm. Hg 


mhoa X 

mv. 

E.8.U. 

X 10* 

24 

250 At molar BaCls 

+ 104 5 

21.8 

+4.78 

3.34 

+86.6 

+104,4 

25 

500 AC molar BaCL 

62.0 

21.7 

2.86 

5.62 

87.0 

105.1 

26 

1000/1 molar BaCL 

44.0 

23.7 

1.85 

8.79 

88.4 

106,9 

27 

20m molar Ba(NOs)s 

107.0 

23.8 

4.49 

1.34 

32.6 

39.3 

28 

100At molar Ba(NOa )2 

101.0 

23.5 

5.10 

2.26 

62.5 

77.0 

29 

500 At molar Ba(NOa)i 

119.5 

24.2 

4.95 

3.60 

96 6 


30 

lOOO/i molar Ba(NO |)2 

60 0 

23.0 

2.61 

6.60 

93.3 


31 

20 At molar KBrOj 

209.5 

24.5 

8.55 

0.40 

18 6 

22.4 

32 

100 At molar KBrO* 

90.0 

24.1 

3.72 

0.86 

17.3 

20.9 

33 

500 At molar KBrO* 

42.5 

27.6 

1.57 

2.95 

25.1 

32.6 

34 

2500 At molar KBrOa 

12.5 

33.5 

0.37 

14.65 

29.6 

35.7 

34b 

Washed 

509.5 

37.0 

13.75 

0 13 

9.7 

11.7 

35 

500 At molar KCl 

58.0 

21.7 

2.66 

3.04 

44.0 

52.9 



Fig. 3. Showing electrokinetic potential curves of barium sulfate as influenced by 
various electrolyte concentrations in 50 per cent ethanol solutions. 
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The increase of potentials appears to be in opposition with the Coehn 
Raydt rule, since, according to this rule, a decrease in the dielectric con¬ 
stant difference between the liquid and the solid in contact should also give 
rise to a decrease of the electrokinetic potential. However, if any credit 
could be given to this rule, it should be only in its application to an inert 
apolar wall with no ion exchange. 

Quite unexpected also was the increase in positive charge and potential 
in potassium bromate and even in potassium chloride solutions (experi¬ 
ments 31 to 35). Could we, under these changed conditions, postulate a 
preferential orientation of the cations towards the barium sulfate walls? 
Such an effect was not observed in the aqueous potassium chloride solu¬ 
tion (experiments 7 to 14), since the negative f there remained unchanged 
at the higher electrolyte concentrations. We should prefer to suggest a 
change in the dipolar orientation on the moving liquid boundaries, but any 
final answer must remain for further investigation. 

Following experiment 34 (2500 m molar potassium bromate) the dia¬ 
phragm was washed out and flooded with pure water for several hours. 
This caused the barium sulfate to regain a negative charge {E/P = 3.71). 
The water was again displaced by 50 per cent ethanol, and the charge on 
the barium sulfate again became positive (see experiment 34b). It appears 
probable that even after thorough washing and treatment with pure water, 
some traces of electrolyte were still adsorbed and produced the positive 
charge. Indeed, subsequently repeated experiments on new barium sul¬ 
fate samples showed that the equilibrium charge in pure 50 per cent ethanol 
in the absence of any electrolyte was always negative, and became positive 
only when potassium chloride was present. 

SUMMARY 

The streaming potentials on precipitated and negatively charged barium 
sulfate show a charge reversal by barium chloride solution; the f-potential- 
concentration curve is a typical one for the adsorption of a potential¬ 
determining ion. 

The adsorbed barium ions are liberated and desorption of barium ions 
takes place in a strong potassium chloride solution (Af/10). 

The positive potential curve displayed a great charge increase in 60 
per cent ethanolic solutions of barium chloride and barium nitrate. The 
charge reversal of -the negative barium sulfate was also observed for 
potassium bromate and potassium chloride in 50 per cent ethanol. 

The author wishes to express his sincere thanks to Prof. R. A. Gortner 
and Dr. D. R. Briggs for their highly appreciated hospitality. 
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Only meager knowledge exists concerning alkyP fluorides, in contrast to 
the extensive literature relative to the other halogen alkyls. Until 
recently the methods of preparation for alkyl fluorides were cumbersome, 
and larger quantities of them were available only with difficulty. The 
ease of decomposition of the tertiary and secondary alkyl fluorides, par¬ 
ticularly in the presence of impurities, added another determent to their 
accurate investigation. 

Our new method of their preparation (23, 24)—namely, the addition of 
hydrogen fluoride to olefins and the splitting of cyclopropane (or its alkyl 
derivatives) with hydrogen fluoride—^makes them readily available in 
large quantities. It permitted us to complete their study, which was 
pioneered by the investigations of Dumas (19), Frcmy (21), Moissaii 
(38, 37), Meslans (38, 33, 34, 35, 36) and in more recent years by F. 
Swarts (56, 57, 58, 59, 60, 61, 62). 

In Part I of this paper our measurements of the following physical 
properties—melting and boiling points, vapor pressures, densities, indices 
of refraction, and their respective temperature coefficients—^will be given 
for methyl, ethyl, normal propyl, secondary propyl, secondary butyl, 
tertiary butyl, and tertiary amyl fluorides. Reliable literature data on 
other fluorides are included. 

* The term *‘alkyl”, as defined in reference 30, page 5, comprises both the aryl 
and the alphyl (CnHtiH>i) groups. In view of the fact that the latter term is prac¬ 
tically unknown in English-speaking countries, the term “alkyl” will be used in this 
article to denote only CJEIiim.i groups. 
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With the data now available it is possible to make a general comparison 
of the fluorine alkyls with the other halogen alkyls, as well as with alkyls 
of neighboring elements of Period II of the Periodic Table. Such a 
comparison is made in Part II. 

Part I 

SOURCE OP ALKYL FLUORIDES 

Ethyl, n-propyl, sec-propyl, sec-butyl, ter^-butyl, and tert~amyl fluorides 
were prepared by the direct addition of hydrogen fluoride to ethylene, 
cyclopropane, propylene, 1-butene, isobutylene, and trimethylethylene, 
respectively. The hydrofluorination of the first three substances is de¬ 
scribed in the article cited (23, 24). The preparation of the butyl and 
amyl fluorides will appear in an early publication. 

Methyl fluoride, which cannot be prepared from the corresponding ole¬ 
fin, was prepared by the method of Collie (31, 11, 12). Tetramethylam- 
monium fluoride, when heated to 190°C., decomposes into methyl fluoride 
and trimethylamine, the latter substance being removed in a sulfuric acid 
wash. This method was selected rather than other described preparations 
as being the one likely to give the purest methyl fluoride. Methyl fluoride 
prepared by Fremy’s method (21) may contain dimethyl ether, carbon 
dioxide, ethylene, water, and sulfur dioxide (3,2). F. G. Nunez^ statement 
that methyl fluoride prepared by Collie’s method is contaminated with 
methane present in a copstant-boiling mixture (42) was not substantiated. 
Our product corresponds exactly in its vapor pressure with the very pure 
fluoride (obtained by Fremy’s method), prepared by Moles and Batuecas 
(39, 40, 41) for their atomic weight determination (see also 45, 9, 1) of 
fluorine. F. Swarts’ latest method (61) came to our attention belatedly. 

PURIFICATION OF REAGENTS 

The respective alkyl fluorides were first distilled on a low-temperature 
Podbielniak column (with the exception of the amyl and butyl fluorides, 
which were distilled on an efficient laboratory column of the total reflux 
type), and five to eight cuts were made on the main plateau of the sub¬ 
stance. The refractive indices of these cuts were taken, with the excep¬ 
tion of methyl fluoride, and a fraction which showed no significant differ¬ 
ences in refraction and boiling point from neighboring cuts was used for 
further purification. As a check of their composition they were analyzed 
for fluorine. They were then sealed into a Stock* high-vacuum, all-glass 
apparatus equipped with the Stock type of mercury seal valves. The 
alkyl fluoride was frozen out in a liquid nitrogen bath and degassed several 
times by alternate melting, freezing, and evacuation. While being auto- 

* See reference 54. The appendix of this book contains brief descriptions of high- 
vacuum ai^;>aratus and methods and many references to the original literature. 
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matically stirred the sample was then fractionated at 1-2 mm. under 
its own vapor pressure into four cuts. The purest cut, as indicated by the 
individual vapor pressures or melting points, was used in the determina¬ 
tion of the physical constants. Usually the vapor pressures of the ex¬ 
treme cuts did not vary more than 5 per cent. 

EXPERIMENTAL 
Analyaia for fluorine 

To analyze for fluorine the compounds were burned with air or oxygen 
in a platinum tube of the design shown in figure 1. The hydrogen fluoride 
produced, together with the other products of combustion, was absorbed 
in an alkaline solution and the fluorine determined as thorium fluoride by 
the method of Rowley and Churchill (47). Samples were volatilized 
using the standard technique of organic combustion analysis. Fluorides 



boiling below 50®C., however, were condensed in a volatilizing chamber, 
the temperature being adjusted so that the vapor pressure of the substance 
was 10-20 mm., and the sample was volatilized in a stream of oxygen. 

Temperature 

Temperatures below — 30®C. were determined by means of Stock (53) 
vapor pressure thermometers containing ammonia, carbon dioxide, and 
ethylene. Samples of these materials were fractionated in the high- 
vacuum apparatus and the best fraction, as determined by its vapor 
pressure, was used for the thermometer. The thermometers were cali¬ 
brated at standard reference points, using carbon disulfide (m.p. 
— 111.6®C.), carbon dioxide (sublimes at --78.6®C.), and mercury (m.p. 
—38.87®C.), by comparison with the accurate vapor pressures of am¬ 
monia, carbon dioxide, and ethylene, measured by Stock. For tem¬ 
peratures above — 30®C. a mercury thermometer, together with an iron- 
Constantan thermocouple and Leeds and Northrop potentiometer, was 
used. 
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Melting paints 

Melting points, reproducible within zb0.1®C., were determined by 
the method of Stock (52). The melting points of the various fluorides 
are given in table 1. All the fluorides solidified to white, transparent, 
needle-like or prismatic crystals. Additional literature values for melting 
points of alkyl fluorides are given in table la to complete our above data. 

Boiling points and vapor pressures 

Vapor pressures were determined from approximately 10*-800 mm. 
by the static method described by Stock, using a cathetometer accurate 

TABLE 1 


Melting points of some alkyl fluorides 


COUPOUKD 

MBLTXlf O POIKT 

CH,F. 

•c. 

-141.8 

CsHbF. 

-143.2 

w-C jHtF. 

-169 

8ec-Q{EL^¥ . 

-133.4 

sec-C4H9F. 

-121.4 

tert-CiB.se . 

-77 

CfHxxF. 

-121 



TABLE la 

Melting points of other alkyl fluorides 


COMPOUND 

MBLTXMO POINT 

NBrBBBNOB 

n-CfiHiiF. 

•c. 

Below —80 
-104 

About —73 

Solid in dry ice 

Solid at room temperature 

(68) 

(43, 44) 

(57) 

(68) 

(68) 

3(?)-C6Hi,F . 

n-CrHi^F. 

flj»Cx 0 B 21 F. 

z-C,JH„F. 


to diO.l mm. These values have been corrected to 0®C. The data 
showed that log p was not a straight-line function of \/T. The data, 
however, were found to agree very closely with values calculated from 
the Rankine formula, 

Logxo P = -A/T ^ B logxo T + C (1) 

in which p is the vapor pressure in millimeters of mercury and T is the 
absolute temperature. The constants for the various fluorides for equa- 
tion 1, calculated by the method of least squares, are given in table 2. 
To compare our experimental vapor pressures with vapor pressures cal- 
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culated from equation 1, table 3 gives experimental and calculated vapor 
pressures in a typical case, that of normal propyl fluoride. The final 
results are correlated in table 4. 

Our data are in full agreement with those of Moles and Batuecas (39, 
41) on methyl fluoride prepared by Dumas’ method (760 mm. at — 78.2®C, 
and 200 mm. at — 99.8®C.), and with those of Desreux (17) on «ec-butyl 
fluoride (765 mm. at 25.26®C.). Additional accurate literature data on 
boiling points are given in table 4a. 

TABLE 2 


Constants for the fluorides for equation 1 


CONSTANTS 

CHiF 

CjH*F 

ti«CaHTF 

«ec- 

CiHtF 

ttTt“ 

CiHiP 

Bee- 

C4H»F 

1 

ttti- 

CftHuF 

A . 

1016.6 

1507.7 

1582.9 

1482.5 

1358.5 

2068.9 

1502.6 

B . 

1.187 

4.304 

2.729 

2.217 

0 

5.478 

0 

C . 

Average de¬ 

10.8206 

19.4859 

15.3743 

13.8746 

7.6439 

23.3755 

7.6071 

viation in 
per cent . .. 

0.7 

0.7 

0.7 

1.0 

1.3 

0.6 

1.4 


TABLE 3 


Vapor pressure data for n-propyl fluoride 


TSMPERATUKE 

EXPERIMENTAL VAPOR 
PRESSURE 

CALCULATED VAPOR 
PRESSURE 

PER CENT DEVIATION 

*C, 

mm. 

mm. 

percent 

0.0 

860.1 

852.1 

-0.9 

-4.2 

715.7 

721.6 

+0.8 

-14.8 

462.6 

461.7 

-0.2 

-20.3 

362.1 

360.2 

-0.5 

-30.9 

215.3 

215.4 

0.0 

-38.7 

142.8 

142.7 

0.0 

-61.3 

67.7 

68.6 

+0.3 

-61.7 

66.7 

66.9 

+1.3 

-68.8 

20.8 i 

21.0 

+1.0 

-76.5 

12.8 

12.6 

-1.6 


The following critical data are available in the literature and are added 
to complete the record: 


COMPOUND 

CRTTICAL TEMPERATURE 

CRITICAL PRESSURE 

CRITICAL 

VOLUME 

REFERSNCE 


•c. 

atmoBpheree 

ec. per gram 


CHiF. 

44.56 

68.0 zb 0.2 

333 

(9) 

CH,P. 

52.2 



(39) 

CjEJ-. 

102.16 ±0.02 

49.62 =b 0.06 . 


1 (4) 






TABLE 4 

Vapor pressure data for the fluorides 


PBiaSUBB 

CH»F 

CjHsF 

n-CiHrF 

C 1 H 7 F 

»oe- 

CiHtF 

Uri~ 

CUHtF 

Itrt- 

CiHuF 

mm. of Ug» 

760 (N.B.P.) 

-78.5 

-87.1 

-2.5 

-2.4 

+25.1 

+12.1 

+44.8 

200 

-99.7 

-63.5 

-32.4 

-38.5 

-7.7 

-18.8 

+10.1 

100 

-108.9 

-74.6 

-44.9 

-60.8 

-21.6 

-32.4 

-5.1 

50 

-117.2 

-84.4 

-66.3 

-61.9 

-33.5 

-44.6 

-18.8 

20 

-126.7 

-96.8 

-69.4 

-74.8 

-47.8 

-68.9 

-34.8 

10 

-133.1 

-103.6 

-78.2 

-83.7 

-67.1 

-68.6 

-46.7 

dte/dp (*0./ 
mm. Hg.)... 
Heat of va¬ 

0.0236 

1 0.0298 

0.0331 

0.0323 

0.0374 

0.0342 

0.0384 

porization 
at N.B.P. in 
Cal. per 
mole . 

4196 

4884 

6780 

6626 

6226 

i 

6215 

6874 

Trouton’s 

constant in 








B.U. 

21.6 

20.7 

21.4 

21.3 

20.9 

21.8 

21.6 



TABLE 4a 

Data on boiling points of alkyl fluorides 


COMPOUND 


BOILINO POINT 


•c. 


BBPNIUBNCli 


n-Butyl fluoride*. 

n-Amyl fluoride.. 
Isoamyl fluoridef 

n-Hexyl fluoride.. 
sec-Hexyl fluoride 


■(; 


3(?)-Fluorohexane .. 
n-Heptyl fluoride— 

n-Octyl fluoride. 

«ec-Octyl fluoride_ 

aj-Decyl fluoride _ 

x-Hexadecyl fluoride 


31.97 

at 

746 

mm. 

(17) 

(- 32.60 

I at 

760 

mm.) 


62.8 

at 

760 

mm. 

(68) 

63.6 

at 

760 

mm. 

(58) 

93.16 

» at 

763 

mm. 

(17) 

(- 93.43 

I at 

760 

mm.) 


81.16 

» at 

768 

mm. 

(17) 

(- 81.23 

at 

760 

mm.) 


82.86 

1 at 

760 

mm. 

(43, 44) 

120.56 

> at 

766 

mm. 

(17) 

(- 120.40 

1 at 

760 

mm.) 


119.5 

at 

765 

mm. 

(67, 68) 

142.6 

at 

764 

mm. 

(67, 58) 

(- 142.7 

at 

760 

mm.) 


139.3 

at 

760 

mm. 

(68) 

183.6 

at 

760 

mm. 

(68) 

287.5 

at 

760 

mm. 

(68) 


* The boiling point of ^eri-butyl fluoride is also given as 11-14*0. or *^about 13*” 
(26, 13). 

t The boiling point values of isoamyl fluoride given by Young (67, see also 49) as 
72-92*0., and by Tronow and Kreuger (66) as 46.7*0. at 756 mm. are definitely wrong. 
The liquefaction point of isobutyl fluoride is given as +16*0. (88); the expected cor¬ 
rect boiling point is around 25*0. 
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Densities 

The dilatometer method was employed. The dilatometer, of about 
2.5-cc. capacity, was sealed on to the high-vacuum apparatus, the fluor¬ 
ide was distilled into it, and then it was sealed off. The volume was 
measured over a considerable temperature range and the corresponding 
densities calculated after the weight of the contents had been determined. 
The weighings were corrected to vacuum and for the vapor present. The 
equation giving density as a function of temperature was calculated by 
the method of least squares. The density-temperature function for the 


TABLE 6 

Density constants for fluorides for equation S 



CH«F 

C,H«F 

h-CiHtF 

««e- 

CtHyF 

ue- 

CtH>F 

UtU 

CUHtF 

ttrU 

CiHiiF 

A . 

0.7078 

0.7684 

0.7782 

0.7561 

0.7865 

0.7688 

0.7985 

B . 

0.0s2369 

0.0,1327 

0.0,1431 

0.0,1523 

0.0,122 

0.0,1311 

0.0,1005 

C. 

0.0kl96 

0 

0.0,150 

0.0,190 

0 

0.0,121 

0 

Average devia¬ 
tion of den¬ 
sity curve 
(density 
units) . ... 

0.0,1 

0.0,1 

0.0,6 

0.0,1 


0.0,1 

0.0,7 


TABLE 6 


Density data for teri-hutyl fluoride 


TKMFBEATUBB 

BXPBBIMBlfTAL 

DBNUTY 

d^o CAU:Tn.ATBD BBOM 
EQUATION 2 

DBYIATION X 10* 

•c. 

9.8 

0.7559 

0.7559 

0 

2.0 

0.7658 

0.7661 

+3 

0.0 

0.7690 

0.7688 

-2 

-10.0 

0.7817 

0.7818 

■fl 

-33.2 


0.8110 

-1 

-42.4 

0.8221 

0.8222 

+1 


alkyl fluorides studied may be found by substituting data from table 5 
in equation 2: 

di. (vac.) = 4 - ^ (2) 

where t is in ^C. The comparison of experimental and calculated densities 
for tertiary butyl fluoride given in table 6 shows the extent to which 
equation 2 fits the data in a typical case. 

Complete data for the fluorides studied are given in table 7. 

A comparison with literature data is possible only in the case of sec- 
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TABLE 7 

Densities of alkyl fluorides in grants per cubic centimeter at different temperatures 

di. (vacuum corrected) 


T 

CH«F 


n-CtHtF 

««e- 

C.H7F 

C4H«F 

WU 

CAF 

CiHiiF 

•0. 

Normal boil- 








ing point 

0.8817 

0.8176 

0.7818 

0.7698 

0.7869 

0.7587 

0.7686 

-130 

0.9827 







-100 

0.9251 

0.9011 

0.9063 

0.8884 




-80 

0.8848 

0.8746 

0.8831 

0.8647 




-60 

0.8428 

0.8480 

0.8587 

0.8397 


0.8431 


-40 


0.8215 

0.8330 

0.8130 


0.8193 ! 


-20 



0.8062 

0.7848 

0.8109 

0.7945 

0.8186 

0 



0.7782 

0.7551 

0.7865 

0.7688 

0.7985 

+10 



0.7638 

0.7397 

0.7743 1 

0.7559 

0.7885 

+20 



0.7490 

0.7238 

0.7621 


0.7784 

+30 





0.7499 


0.7683 

Average dd/dT 
In the tem¬ 

-0.00192 

-0.00133 

I 

-0.00146 

-0.00157 

-0.00122 

-0.00129 

-0.00101 

perature 
range.. 

-130*’ to 

-100° to 

o 

o 

O 

o 

o 

O 

o 

o 

1 

0° to 

-20' to 


-lOO^C. 

35°C. 

20°C. 1 

20°C. 1 

+30‘’C. 

+10°C. 

+30"C. 


TABLE 7a 

Densities of alkyl fluorides from the literature 


COMPOUND 

□ 

d-r. 

n-CiHjF. 

0.8005 

0.7824 

sec-CiHaF . 

0.7884 

0.7700 

n-CfiHxiF* . 

0.7905 


n-CeIIiiF. 

0.8200 

0.8052 

sec-CeHiaF. 

0.8115 


w-CrHiaF . 

ti-CsHitF .. 

ac-CioHiiF . 

x-CieHttF. 

3(?).CJBuF. 

0.819 



■■ 


-dD/dr 

RUrSBaNCE 



•C. 



0.7763 



0.00122 

(17, 18) 

0.7639 



0.00123 

(17,18) 

(calcd.) 





0.7880 

0.7960 

10.5 

0.00084 

(68,18) 

0.8004 



0.00099 

(17,18) 

0.7914 



0.00099 

(17,18) 

0.8071 

0.8029 

21 


(68,18) 


0.8036 

21 

0.0012 

(68) 


0.8120 

14 




0.792 

10.2 


(68) 


0.809 

17.5 


(68) 


*Tronow’B highly improbable density of isoamyl fluoride, given as 0.6S415 at 
19.6®C. (66), combined with his low boiling point value (see page 7), deflnitely 
indicates a product consisting mainly of amylenes. 
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ondary butyl fluoride (see table 7a). Our data show a slight but definite 
deviation from the values of Desreux (17, 18). Since our sample was pure 
according to rigorous criteria and all corrections were accurately made, 
we give preference to our values. In table 7a are given additional reliable 
data from the literature to complete our list. 

Refractive indices 

The adaptation of the Abbe refractometer for the determination of 
indices of refraction at low temperatures has been recently described by 
one of us (22). Briefly, the method consists in circulating a low-boiling 
liquid through the prism chambers of the refractometer, the cooling 


TABLE 8 

Refractive indices (np) of alkyl fluorides 


TSMPSRATURS 

CtH^F 

n-C3H7F 

»ac-C>H7F 

««c-C4H»F 

tert-CiELiF 


•c. 

Normal boiling 







point 

1.8088 

1.8225 

1.8282 

1.8299 

1.8241 

1.8875 

-70 

1.3229 






-60 

1.3169 

1.3553 

1.3461 




-50 

1.3110 

1.3496 

1.4306 

1.3691 

1.3580 

1.3859 

-40 

1.3060 

1.3439 

1.3351 

1.3639 

1.3526 

1.3808 

-30 

1.2990 

1.3382 

1.3296 

1.3587 

1.3471 

1.3756 

-20 


1.3326 

1.3240 

1.3534 

1.3417 

1.3705 

-10 


1.3268 

1.3185 

1.3482 

1.3363 

1.3653 

0 


1.3211 

1,3130 

1.3430 

1.3309 

1.3603 

+10 


1.3154 

1.3075 

1.3379 


1.3552 

+20 




1.3326 


1.3502 

-dno/dr .... 
In the tempera¬ 

0,00060 

0.00057 

0,00056 

0.00052 

0.00054 

0.00061 

ture range . 

-70^ to 

-60° to 

-60° to 

-60° to 

-50° to 

-50° to 

1 

-30°C. 

+ 10°C. 

+10°C. 

+20°C 

0°C. 1 

+20°C. 


medium being refluxed under a condenser cooled with carbon dioxide. 
The temperature may be lowered by reducing the pressure on the system. 

The refractometer was checked both with the standard prism and 
water before and after measurements. The refractive indices of the 
respective substances studied fell upon a straight line within the limits 
of experimental error (±0.0002). Table 8 summarizes refractometrie 
data of the alkyl fluorides studied. The data included are read from 
curves plotted from experimental values. The refractive index of methyl 
fluoride was not measured, since even at — lOO^C. the index of refraction 
of this substance is below the scale of the Abbe refractometer (minimum 
reading, 1.3000). 
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The only posaible case for comparison with literature data is our no 
of secondary butyl fluoride, 1.3369 at 12'’C. This is in good agreement 
with the value of Desreux for that compound given in table 8a, which 
lists additional refractometric data from the literature. 

It is worthwhile to emphasize that the values of the alkyl fluorides 
are very near to the values for the corresponding paraffins. For example, 
of normal pentane = 1.3676, of normal hexane = 1.3751, of normal 
heptane » 1.3877, and of normal octane = 1.3976. Thus in mixtures 
with paraffins the presence of fluorides is not revealed by the refractive 
index of the solution, in contrast to the other halides. In line with the 
other halides, however, the alkyl fluorides have higher densities than the 
corresponding paraffins. 


TABLE 8a 


Refractive indicee of alkj/l fivtoridee from the literature 


COMPOUND 

H. 

T 

Hf 

T 


T 

D 

T 

BBPSBBNCB 

.. 


1 

•c. 


•c. 


•C. 


•C. 

1 

1 

fi-OdHtF. 

L3404 

15 

1.3467 

15 

1.3488 

15 

1.3419 

16 

(17) 

ffec-CfiHjF. 

1.3360 

12 

1.3403 

12 



1.3366 

12 

(17) 

w-CiHiiF. 

1.35622 

20 

1.36183 

20 

1.36533 

20 



(58) 

ti-CgHiiF. 

1.3730 

20 

1.3791 

30 

1.3826 

30 

1.3748 

20 

(17) 

Mc-CfHiiF. 

1.3677 

20 

1.3736 

20 

1.3771 

20 

1.3693 

20 

(17) 

w-CtHijF . 

1.38358 

21.5 

1.3899 

21.5 

1.39358 

21.5 

1.3855 

21.5 

(68) 

ti-CsHiiF . 

1.3952 

14.1 

1.40176 

14.1 

1.43565 

14.1 

1.3970 

14.1 

(68) 

3( ? )-Fluorohexane.. 







1.3683 

26.2 

(43,44) 


Pabt II 

Now that many of the previously undetermined properties of the 
fluorine alkyls are available, a comparison with alkyls of other elements 
from the standpoint of systematic chemistry* is possible. This comparison 
does not include the high members of the series. With increasing mo¬ 
lecular weight of the alkyl group the influence of the element becomes less 
and less pronounced, and with the present accuracy of experimentation 
the practical limit is reached at about Cw-alkyls. 

Melting and boiling points 

The following rule expresses the relationship between the halogen 
alkyls: “The melting and boiling points of the halides of any particular 
alkyl group always increase in the order F —»Cl —» Br —»I.” Table 9 
illustrates this rule. The only known exception is the low melting point 
of secondary propyl iodide; this measurement is probably in error. 

The relationship in respect to the different alkyl groups is not as simple. 


* For a definition of this term see reference 80. 
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The melting points show no simple relationship, as a study of table 9 
indicates. Since small changes in the symmetry of a molecule will affect 
to a substantial extent the crystal lattice energy, the lack of a regular 
change in melting point is not surprising. 

The boiling points, however (see table 9), in the series of normal alkyl 
groups always increase with the molecular weight. Among the isomeric 
groups the highest boiling point is always associated with the normal 
group; it is followed by the iso and the secondary groups, while the ter¬ 
tiary group has always the lowest boiling point. In more complex cases it 
will generally be found that the greater the branching and symmetry 
of the alkyl group, the higher the vapor pressure of the corresponding 
halide. 


TABLE 10 


Melting and boiling points (at 760 mm.) of ike alkyls of the non-metals of Period II* 


R 

CRt 

NRi 

ORa 

FR 

Melting points 


•c. 

•C. 

•c. 

•C. 

CHi. 

-19.6 

-124.0 

-138.0 

-141.8 

C,H,. 

n-CjHr .i 

-41 

Compound unknown 

-114.8 1 
-93.5 

-166.3“ 

-123.3'* 

-122.0 

-143.2 

-159.0 


Boiling points 

CHa. 

9.4 

3.5 

-24.9 

-78.6 

CaHj. 

139.2 

89.0 

34.6 

-37.1 

w-CaHi . 

Compound unknown 

156.5 

90.1 

-2.5 


* Sources of data same as for table 9. 

A horizontal comparison in Period II (i.e., with alkyls of oxygen, 
nitrogen, and carbon) also shows the great regularity in the properties 
of fluorine alkyls. Both melting and boiling points always increase in the 
order F^O—»N—>C, as illustrated in table 10. 

Densities and molectdar volumes 

The fluorine alkyls always have the lowest densities in the row of 
halogen alkyls, as can be readily seen from table 11. They have, however, 
the highest densities in the row of the Period II elements; in all cases 
their densities are higher than those of the corresponding ethers (table 12). 

The densities of the other halides were corrected to the N.B.P. by using 
a second-order equation. The first constant of this equation was gen¬ 
erally obtainable from the literature. A second-order constant of 









TABLE 11 

Densities and molecular volumes of halogen alkyls 
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McIntosh and Steele: Z. physik. Chem. 55.142 (1906); see also Gmehn’s Handbuch, Volume 6, p. 114. 
w McIntosh and Steele: Z. physik. Chem. 55,142 <1908); see also Gmelin’s Handbudt, Volume 7, p. 196. 

McIntosh and Steele: Proc. Roy. Soc. (London) ATS, 451 (1904); Z. physik. Chem. 55,140 (1906); see also Gmelin’s Handbuch, Volume 8, p. 270. 
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—0.0(1was used, since this constant for all of our fluorides and all 
other halides available in the literature was always between 0.0(1 and 
0.0(2. For the few on which no first-order constant could be found in the 
literature a probable value was obtained by plotting the first-order co¬ 
efficients of the different compounds, as a function of the alkyl group or 
halogen, at corresponding (T„/Th) temperatures and interpolating. This 
value was then combined with the second-order constant above. 

The molecular volumes show the greatest regularities, particularly 
when compared at “corresponding” temperatures (see table 11). In 


TABLE 12 


Properties of the alkyls of the elements of Period II 


Temperatures at 20°C. unless indicated 


AliKTLB 

CHi 

CiHi 


n-C4H» 

n.C»Hii 

Densities 

CR4. 

0.6130«* i 

0.7522 


0.7700 


NR4. 

0.6687+“* 

0.7302 

0.7670 

0.7768 


OR.. 

0.7340-"** 

0.7146 

0.7470 

0.7682 

0.7830 

Molecular volumes 

CRi. 

117.70*’ 

170.46 


312.24 


NR,. 

90.42+“* 

138.54 

189.22 

238.60 


OR,. 

62.76“*^»‘ 

103.70 

136.76 

169.49 

202.12 


Indices of refraction, hd 


CR4. 

1.3613®* 

1.4197 


1.4367 


NR,. 

1.3610+®^®* 

1.4003 

1.4174 


OR,. 

1.3363-“®’ 1 

1.3628 

1.3804 

1.3968 

1.4118 


Molecular refractions, MR^ 

CR4. 

26.40»* 

43.12 


81.60 


NR,. 

19.99+***’ 

33.62 

47.63 


OR,. 

13.02-“*®* 

22.48 

31.71 

40.80 




figure 2 the volumes of the first four alkyls are compared at their respective 
normal boiling points. They form a straight-line relationship within 
experimental accuracy. The increments per CH* group for all four 
families are nearly equal, showing only a slight increase from fluorides to 
iodides (20.6 -♦ 20.9 21.4 —♦ 21.7). The volumes of the higher alkyls 
(compared at 20°C. in view of the imcertiunty of extrapolating to the 
boiling points) show, as is to be expected, small deviations from the rela¬ 
tionship expressed in figure 2. It is noteworthy that among all the butyl 
halides the volumes always increase in the order normal—»isosec¬ 
ondary —»tertiary; the same order prevails among the nonnal and ter- 
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tiary amyl halides. The literature value for the easily decomposable 
tertiary butyl iodide (see table 11) is definitely in error. 

Data showing the relationship of the fluorine alkyls to the alkyls of 
the elements of Period II are given in table 12. Again the molecular 
volumes of the fluorine, oxygen, nitrogen, and carbon alkyls show straight- 
line relationships, as expressed in figure 3. 



Fio. 2. Comparieon of the molecular volumes of alkyl halides at their normal boiling 

points 


Indices and molecidar refractions 

The experimental material is correlated in table 13; the calculated 
Lorents-Lorenz molecular refractions for the D line are given in table 14. 
The indices for one particular alkyl group always increase in the order 
F Cl ^ Br I. They increase in the row of normal alkyl groups 
with increasing molecular weight for the fluorides and chlorides, while 
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the opposite is true for the iodides. The molecular refractions, of 

all normal alkyl halides up to and including the normal octyl group 
show a straight-line relationship, as illustrated in figure 4. It will be noted 
that the value for normal amyl chloride is low. 

The atomic refractions of the four halogens* were calculated from the 
above data using the procedure of F. Swarts (reference 69, page 36) and 
G. Schiemann (48), i.e., subtracting from the molar refractions of the 
halides the molar refractions of the corresponding paraflSns and adding 
to the difference the atomic refraction of hydrogen. The values obtained. 



Fio. 3. Comparison of the molecular volumes of the fluorine, oxygen, nitrogen, and 

carbon alkyls 

using, respectively, Eisenlohr’s (20) and van der Hulst’s (28) values for 
the atomic refractions of hydrogen, are as follows: 


BXPmuiiBirTaB 

ATOMIC BSTBACnONB AT 20*C., 


H 

F 

Cl 

Br 

I 

Eisenlohr. 

1.100 

0.945 

6.968 

8.861 

18.982 

van der Hulst. 

1.025 

0.870 

5.883 

8.776 

13.887 

Eisenlohr’s old values. 

1.100 

? 

5.967 

8.865 

13.900 


For comparison the old and still accepted values of Eisenlohr are in¬ 
cluded. A similar lawful relationship exists in regard to the alkyls of 
the elements of Period II. This is shown graphically in figure 6. An 
examination of figures 3 and 6, respectively, brings out the close relation¬ 
ship between the molecular volumes and refractions. 

The data given here have been presented from the standpoint of ays- 
tematic chemistry, because this enables one rapidly to overlook the entire 

* Our complete data on the at<»nic refraction of fluorine will be published sepa- 
ratdy. 







TABLE 13 

Indices of refraction, n^, of halogen alkyls 
Temperatures at 20®C. unless otherwise indicated 
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field and to correlate immediately a large variety of data concerning many 
compounds. The examination of a chemical individual fitting into the 
field covered by such a survey is markedly aided. One can predict 
properties with considerable accuracy. Likewise one is enabled reason- 




Fio. 5. Comparison of the molecular refractions of the fiuorine, oxygen, nitrogen, 

and carbon alkyls 

ably to discount data which do not fit into the scheme properly. This 
serves the experimenter as a check upon his own work and as a powerful 
and valuable means of eviduating the woric of others. The lack of any 
systematic measurements of other properties, such as viscosity or surface 
tension, precluded their general comparison at this time. 




TABLE 15 

Refractametric and density data for several alkyl kalidee 
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♦ Maass and Boomer: J. Am. Chem. Soc. 44, 1709 (1922). 
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Appendix 

In order to complete the literature data for our comparisons we have 
determined and given in table 15 refractometric and density data for 
several alkyl halides, and also for the nitrogen and oxygen methyls dis¬ 
cussed above. The compounds were obtained from pure commercial 
preparations which in turn were further purified as described in Part I 
for our fluorides. 
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INTRAMOLECULAR FOLDING OF POLYPEPTIDE CHAINS IN 
RELATION TO PROTEIN STRUCTURE* 

HANS NEURATH 

Department of Biochemietry, School of Medicine, Duke Univereity, Durham, 

North Carolina 
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Recently H. B. Bull and the author (10) have presented a critical 
examination of the available data regarding the properties of protein mono¬ 
layers. From considerations of space requirements, the conclusion was 
drawn that only the structure of fully extended polypeptide chains can 
account for the observed film areas, whereas the assumption of folded or 
cyclized polypeptide chmns would result in film areas much smaller than 
those observed. As the surface area of protein films is determined by the 
dimensions and orientation of the side chains, the question arose whether 
the discrepancy between observed and calculated film areas may not be 
due to steric difficulties inherent in the structures that have been suggested. 
It is the object of the present investigation to examine the structures of 
fully extended, folded, and cyclized polypeptide chains in regard to the 
orientation and space requirements of amino acid residues. Evidently 
any structure, if it is to represent the actual facts, must meet certain 
physical and chemical requirements which may briefly be stated as follows: 
(1) Proteins are built up of amino acids which are structurally related to 
the levo-rotadory isomer of lactic acid. (F) There must not be any un¬ 
reasonable deviation from accepted bond angles and interatomic distances. 
(S) The distribution and orientation oi amino acid residues must be such 
as to allow sufficient room for their accommodation. 

* Presented at the Ninety-seventh Meeting, of the Ameriosn CSiemicsl Society, 
held in Baltimore, Maryland, April, 1989. 
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For evaluating f lic relat ive iiositions of atoms and groups, atomic models 
have beim used which Dr. Edward Mack, Jr., of the University of North 
Carolina very kindly [ilaeed at my disimsal. Such models, which have 
dcscri])ed by Mack (11), arc made on a scale of 1()« to 1, or 
I cm. = 1 A. ^ 1 h(‘ C C interatomic distance has been taken as 1.54 \ 
(-N as I.I7A..C-Hasl.08A.,andC-Oasl.43A.^‘ Tetrahedral bond 

angles havi* b<‘en a.ssiimcd for carbon and nitrogen, and the angle of the 
oxygen bond has t.ei-n taken as 111°. The radii of the atomic domains 
of hydrogen and oxygen atoms, beyond the nucleus, have beim chosen as 
I.l A. and 1.35 A., r(is[)ectively. 



ic, 1. S<*jilu(l iiiodul of a fully (‘xfoiulud ptdypf'pt idu cduiin viewoil from above 



BvUi-kvralin 

l^igure 1 illustrat(‘s tlu* structun* of a fully (*xt(‘nded jiolypeptidc* chain, 
sometimes n^ferred to as tlu' beta-keratin structure (3, 4), viewed from 
above. The carbon, nitrogen, and oxygen atoms of tlu‘ main chain, formed 
by succ(*s.sive peptide linkag(\s, an* all lying in one plane. Th(* hydrogen 
atoms are oriented in a spiral-like fashion around the main chain, and the 
side chains, fornu'd by that part of the amino acid r(‘sidiu*s whicli ('xtends 
beyond tlu^ alpha-carbon atom, are oriented at about right angles to the 
])lane. Stereochemical considerations demand that in such a fully ex- 

2 T\w. values for carhoii nitrogen and carbon-oxygen distances used here are some¬ 
what larger than those found recently by Albrc‘cht and C\)rey for glycine crysfals 
(.1. Am. C4u*m. Soc. 61, 1087 (1939)). 
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tended zigzag chain tiie side chains protrude alternately from the upper 
and lower surface of the plane, as indicated by the match sticks in figure 2, 
which is a picture of the same model viewed from the side. 

The spacings indicated by x-ray analysis (3, 4) an' as follows: 3.33 A. 
for the distance b('tween tlu' points of attachment of two side chains in 
the longitudinal direction, 4.G5 A. for the distance of clos(*st approach of 
main chains in their own plane (baekboiui spacing), and 9.7 A. for the 
distances betwet'ii main chains in the direction of the sid(‘ chains (side-chain 
spacing). These values are in full accord with those' to be expected from 
the known values of interatomic distances and bond angles, respectively. 
The backbone distance of 4.5 A. can be accounted for if it is assumed 
that the oxygen atoms of one chain tuck into the recesse's between oxyge'ii 
atoms of the neighboring chain, while the side-chain spacing is due to the 



Fig. 2. Scaled model of a fully extended p<»lypeptide chain viewed from the side. 
The orientation of the side chains is indicated by the match sticlv.s. 

alternately arranged side chains, of an av(*rage length of about 4.5 A. 
The minimum area available for one side (*hain is, therc'fore, 4.()5 X 3.33 X 
2 = 31 sq. A. This leavt's definitely enough room for their accommoda¬ 
tion, as the average cross-stK'tional art'a of amino at'id rc'sidiu's is about 
17 to 25 sep A. Values of the cross-sectional areas of various amino acid 
residues, as determined with the use of .scaled atomic modt'ls, an^ listed in 
tabl(* 1. These values, determined for straight chains, an; average' values. 
The effective cro.ss-sectional area may be .somewhat larger if the sidt' 
chains are rotating, whereas .somewhat smaller areas would r(;sult if under 
the influence of attractive for<;es the atoms of one side chain would fit 
into the rece.sses between atoms of the neighboring chain. 

The complete structure of a hypothetical, fully extendc'd polypeptide' 
chain is shown in figure 3. In this particular model, the non-polar n;sidu('s 
of leuciiH', phenylalanine, and valine emerge from the upper surface;, 
whereas the polar re;.siducs of aspartic acid, cyste'ine', and arginine protrude; 
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from the lower surfae(\ This model illustrates the surprisingly large spac^c^ 
taken up by the residues. 


TAliLK 1 


dwss-srrlKmal areas and Icnglhs of amina avid residues {estimated from scaled atomic 

models) 



AMINO A( ID Kl!.MIl>UK 

j MAXIMUM tHATN ! 
, LlSNtiTH 1 

1 ROBB-HKCTIONAL 
AREA 



NEYOND ALPHA 1 
i ( ARBON ATOM j 

_ 1 

(approximate) 

CJlyeine 


( A. 

i 

S(j. A. 

4 

Alanine 


! 2 2 

n 5 

Valine 


3 S 

20 

Leueine 


r> 0 

1 20 

Phenylalanine 


; 7 1 

i 

1 

TyroHine 



Cysteine 


1 2 

17 

Vspartie aeid 


:> 1 

22 

Vr^inine 


S 4 

25 



Fuj. 3. Sealed model of a hypotlietieal fully extended polypeptide chain viewed 
from the side. 


The structure of fully extended polypeptide chains can account, almost 
(juantitatively, for the observed properties and surface' areas of protein 
monolayers (10). Most proteins, when spread und('r comparable condi¬ 
tions, occupy a film area of 1.4 to 1.6 square meters per milligram in the 
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most expanded state, corresponding to a film thickness of about 5 A. 
Fully compressed, homogeneous protein films have an area of about 0.77 
square meter per milligram and a thickness of about 10 A. If we take 
into account the alternate orientation of side chains and the values for the 
average molecular weight per residue, we can calculate the mean film area 
per side chain. The results and implications of such calculations have 
been discussed previously (10) and are summarized in table 2. The agree¬ 
ment between the values calculated from surface film data on the one 
hand, and molecular models on the other, is extremely good, in the case of 
both most expanded and compressed films, if we assume that in the most 
expanded state the side chains are lying flat on the surface, and if we 
assume that they are oriented perpendicular to the surface when the films 
are compressed. In the latter case only one half of the side chains will 

TABLE 2 

Observed and calculated film areas of proteins 

riiOTMN 


CJalculated from beta 
keratin (model) 

Egg albumin 
Insulin 

Serum albumin 
C’ytochrome C 

contribute to the surface area, the other half being buried in the wat(*r 
phase. The distribution of side chains between the water and tluj air 
phas(\s will, in compressed films, be such that polar side chains are prt'feu*- 
ably directed towards the water, and non-polar ones towards the air. 
Such a selected orientation may readily be provided for by fully extended 
])olypeptide chains. (Wh('ther the composition of tlu' proteins ptu-mits 
such a general scheme remains, of course, to be proved.) 

Alpha-keratin 

Naturally, one must anticipate that, owing to free rotation about single 
bonds, fully extended polypeptide chains may undergo intramolecular 
folding. As a result of their investigation of the mechanism of reversible 
stretching and contraction of wool and other fibrous proteins, Astbury and 
his associates have, in their early publications (3, 4, 1), suggested a folded 
polypeptide structure which is known as alpha-keratin. 
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This folded configuration may be derived from fully extended poly¬ 
peptide chains by assuming that the main chains contract to about one- 
half of their original length. The spacings indicated by x-ray measure¬ 
ments (3, 4) are, respectively, 5.1 A. for the distance of separation between 
three amino acid residues in the longitudinal direction, and 9.7 A. for th(i 
side-chain spacing. Assuming no deviation, or only slight deviation, from 
tetrahedral bond angles, it becomes at once apparent that the transforma¬ 
tion of beta-keratin into alpha-keratin must be accompanitKi by profound 
changes in the orientation of the side chains. There are at least two ways 
of arranging th(^ side chains, depending on the configuration of the hexago¬ 
nal rings. If one chooses the puckered ring of th(‘ ^'diamond type,'' in 
which th(*< atoms are alternately above and below the median plane, one of 
th(' two side chains, carried by carbon atoms of the rings, will point 
upwardsy whereas the other one will point sidewards. If the hexagonal 
rings are of the ^'camphor typo," two atoms above the median plane and 
four below it, both side groups will be directed upwards. The side groups 
which are attached to those? (*arbon atoms which bridge two adjoining 
rings are, in both cases, directed outwards. 

Figure 4 illustrates diagrammatically both typ(?s of configuration. The 
hydrog(‘n atoms and one' of the oxygen atoms have, for purposes of d(‘mon- 
stration, been omit ten! in this diagram. 

It may readily ho seen that the ^^diarnond ring" configuration cannot 
accommodate* those side* chains which are directe'd sid(*wards. F.veii if 
we assume* drastic distortions e)f the tetraheKlral be)nd angles, it se'ems 
impe)ssible to accommodate them, as the spae*e above the neighboring ring 
is fully e)ccupie*d by the vertical side chain. We may, therefore, by mere 
e*onsiderations of spae‘e» requirememts, ('xclude this configuration from the‘ 
dis<?ussie)n. In the "camphor ring" structure, certain side groups may get 
into the re^quire'd pe)sitions. The distance of se*paration between the points 
of attachment of successive side chains, in the longitudinal dire(*tion, is 
alternately about 3 A. and 2 A. While residues with small cross-sectional 
arenas, such as glycine or alanine, may be accommodated, it seems utterly 
impossible to accommodate any of the larger amino acid residues. Still 
greater obstacles apt)ear if one tries to get tlie hydrogen atoms into the 
required position. The hydrogen atoms carried by the 4-carbon atom of 
one ring and the 1-carbon atom of the neighboring ring should point out¬ 
wards, towards each other. However, the free space between these carbon 
atoms is only about 0.5 A,, whereas the space required by the domains of 
two hydrogens is about 2.6 A. 

One way out of this difficulty would be to assume that the folded main 
chain does not lie in one plane, but that each successive hexagon lies, for 
instance, 2 A. above the preceding one. Such a stepwise configuration of 
the main chain would remove the obstacle of accommodating the hydrogen 
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g-KERATIN 


'“‘DIAMOND'^ RING '‘■CAMPHOR'®' RING 



Fig. 4. Showing the orientation of side chains in two dilTerent configurations of 
alpha-kcratin. The hydrogen atoms have i>oen omitted. Drawn roughly to scale. 



0 CARBON I SIDE CHAINS UPWARDS 

^ NITROGEN I SIDE CHAINS DOWNWARDS 

0 I 2 S 4 5 X. 

Fio. 5. Showing the orientation of side chains and the packing of carbon and 
nitrogen atoms in supercontracted keratin. Drawn roughly to scale. 
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atoms, but it would not aid in fitting the vertical side chains. Another 
alternative would be either to evoke a keto~enol interchange, in the 
manner suggested by Astbury and Miss Wrinch (5, 2), or to use actual 
diketopiperazine rings which, as Corey (6) has shown recently, are virtually 
coplanar. Both alternatives, how’^over, would still leave unsolved th(‘ 
problem of accommodating the vertical side chains of successive rings, as 
the distance of separation betwe^en the carbon atoms to which they are 
attached is only 3 A. Moreover, it is very unlikely that reversible opening 
and closur(» of diketopiperazine rings could be accomplished by mere forces 
of mechanical stress. 


Supercontracted keratin 

More drastic folding of polypeptide chains may result in a structure the 
skeleton of which is illustrated by figure 5. In this structure, which has 
b(‘en sugg(\stcd by Astbury for the mpcrcontracted form of keratin (3, 4, 1), 
th(' side chains attached to on(‘ hexagon are directed upwards and those 
attached to the next one downwards (figure 5). The steric difficulties of 
ac(!()mmodating hydrogen atoms and side chains are, in this structure, 
probably greater still, as there is no free space left between adjoining 
hexagonal rings. 


Cyclol structure 

Complete cyclization of polypeptide chains leads to the cyclol structure 
which has been described in detail by Miss Wrinch (12). Suffice it to 
recall that cyclol units of different configurations may be obtained, de¬ 
pending on the number of amino acid residues which participate in cycliza¬ 
tion. The “cyclol 6/’ comprising six amino acid residues, has been used 
for the construction of the so-called Cz molecule which contains 288 resi¬ 
dues, arranged on the surface of a truncated polyhedron. Higher members 
of the cyclol series may be obtained by cyclization of 18, 42, 06, ('tc. 
amino acid residues. All cyclol units are alike, however, in that they are 
t\ssentially dorsiventral, i.e., all side chains emerge initially from one 
surface and none from the other. If the cyclol network consists of poly¬ 
mers of “cyclol 6,“ as has been suggested for the insulin and pepsin mole¬ 
cules (13, 14), the area per amino acid residue is, according to Miss Wrinch 
(12), about 10 sq. A. Comparison of this value with the cross-sectional 
areas of amino acid residues demonstrates at once that the cyclol 6 polymer 
cannot accommodate the side chains, unless they consist exclusively of 
hydrogen atoms (glycine) and alanine residues. Miss Wrinch has con¬ 
tended that the orientation of side chains refers only to the beta-carbon 
atom and that, owing to free rotation, the rest of the side chains may bend 
around so as to emerge from the other side of the network. Such an 
assumption would not solve the problem for two reasons: First, it is evi- 



304 


HANS NHURATH 


dent that a bent side chain requires more space than if it were straight; 
and since it is impossible to accommodate a straight side chain, it is like¬ 
wise impossible to accommodate a bent side chain. Secondly, it has to be 
emphasized that the value for the area per amino acid residue, just given, 
is a maximum value, owing to the uneven distribution of side chains 
within the network and the space taken up by those hydroxyl groups which 
likewise protrude from the upper surface. The actual available area per 
residue must be considerably smaller than is indicated by Miss Wrinch\s 
calculations.^ 


CONCLUSIONS 

From the above considerations the conclusion must be drawn that free 
rotation of polypeptide chains around carbon-carbon and carbon- nitrogen 
bonds is greatly restricted, owing to the space requirements of the side 
chains. 

If both optical isomers of amino acids were to occur in proteins, a great 
variety of stereochemically permissible structures would be conceivable. 
The fact that all naturally occurring amino acids are identical in respe(‘t to 
their optical configuration limits, apparently, the possible structures to 
that of beta-keratin.^ 

Yet experimental evidence indicates strongly that, in proteins, polypep¬ 
tide chains must exist in configurations other than that of the fully extended 
type. The long-range contraction of the fibrous proteins (2, 4), the ap¬ 
parent shapes of the globular proteins (9), and the shape changes accom¬ 
panying denaturation (3, 4) call for some radical type of intramolecular 
rearrangement. It will be noted that all structures discussed in the 
preceding paragraphs are alike in that the carbon and nitrogen atoms of 
the rings, formed by the main chains, lie essentially in one plane. This 
fact is responsible for the steric difficulties of accommodating side chains 
and hydrogen atoms. More recently, Astbury (2) has emphasized that 
the folding of polypeptide chains must in general take place in planes t rans- 
verse to the side chains. This could only be possible if the folds are far 
from coplanar. The question suggests itself, therefore, whether a con¬ 
tracted form of polypeptide chains may not be arrived at by evoking a 
three-dimensional (spiralled) folding of the main chains, which would 
still preserve the alternate orientation of the side chains. 

* A very detailed demonstration of the steric difficulties inherent in the cyclol 
structure has been given recently by Mack (11). 

* Wrinch and Lloyd (15), Mirsky and Pauling (8), and Huggins (7) have drawn 
attention to the r61e which hydrogen bonds may play in protein structure. Huggins 
(7) recently suggested patterns and cage molecule structures closely related to 
Miss Wrinch’s models but involving the use of hydrogen bonds. 
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SUMMARY 

The space requirements and orientation of ammo acid residues in fully 
extended and folded polypeptide chains have been investigated with the 
use of scaled atomic models. 

Accommodation of the side chains, formed by the amino acid residues, 
may be readily brought about in fully extended polypeptide chains, chiefly 
OMong to the fact that the side chains protrude alternately from the upper 
and lower surface of the plane formed by the main chain. This structure 
can account, almost quantitatively, for the observed film areas and proper¬ 
ties of protein monolayers. 

Folding of polypeptide chains, in the maimer suggested for alpha-keratin 
and supercontracted keratin, respectively, results in drastic changes in the 
orientation of the side chains. The data indicate that, unless unreasonable 
distortions of bond angles are assumed, these configurations are too con¬ 
densed to permit residues, other than those o^lycine and alanine, and 
hydrc^en atoms to get into the positions called for by the carbon atoms 
of the hexagonal rings to which they are attached. From considerations 
of space requirements of amino acid residues it follows also that the cyclol 
structure is too condensed to permit the accommodation of side chains. 

The significance of these considerations for the problem of protein struc¬ 
ture is discussed. 
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To facilitate the calculation of solute activities from solvent activities, 
Lewis and Randall (2) ddined the function h by the equation 

A *■ On oi)/r + 1 (1) 

where ai is the activity solvent and r is the ratio, Nt/Ni, of the mol 
fraeti<m of solute to that of solvent in the given solution. Making use 
of the generalized Duhem equaticm, they showed that the solute activity 
is given by the exprestion 

—d In (ot/r) * dA + Adr/r (2) 

Since the molality, m, of solute in an aqueous solution is equal to 55.51r, 
equation 2 is equally valid with the mol ratio r replaced by the molality m. 

Equation 2 is convenient for the evaluation of the activity coefficient 
(ot/m) e:q;>re8sed in terms of molalities. In non-aqueous solutions the 
coeffident (ot/Nt) based upon the mol fraction of solute is more im¬ 
portant. llie coefficients os/ni and ot/r are related through the defini- 
tioa (tf r as Jh/ni. Thus if the coefficient Of/r has previously been calcu¬ 
lated, the coefficient oi/ns may be obtained by the equation 

log (a*/N») = log y"t “ log (oi/r) - log Ni (3) 

If‘ Ot/r has not already been calculated it is simpler to calculate oi/ns 
directly with the help a new function A', defined by the equation 

AV * In (oi/Ni) (4) 

The generalised Duhmn equation tak^ the form (2) 

—d In Os » (1/r) d In Ci (6) 

and must be identically satisfied by ail binary solutions. Taking into 
acccHmt the mathematical idmitity 

-d In Nt (1/r) d la »i (fi) 

^ Clerical aaswtance of the Works Progress Administration 0. P. No. W54)g>8-144 
is gratefully aeknowledged. 

* ffitell Fellow in Chemistry, 1984-39. 
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we may write 

—d In (ot/Ei) as (1/r) d In (oi/nj) = (1/r) d (h'r) = dft' + (h'/r) dr (7) 

Equation 7 has exactly the same form as equation 2, but expresses the 
coefficient at/vf» in terms of the frmction h'. 

The solution of equations 2 and 7 requires a graphical integration in 
which the area under a curve of either \k/r) or (h'/r) plotted against r 
must be determined between the limits of infinite <ffiution (r ss Q) and the 
given concentration. The validity of the result depends upon the accuracy 
with which the functions h/r imd h'/r may be extrapolated to infinite 
dilution. 


IDEAL SOLUTIONS 

In an ideal solution the activity, ai, of the solvent is equal to its mol 
fraction Ni at ail concentrations. Thus equation 4 shows that for an ideal 
solution the function (h'/r) must vanish for all concentrations of solute, 
since In (oi/ni) is zero. The non-vanishing of (h'/r) is always an indica¬ 
tion that the solution is not ideal. 

The two functions h and h' are closely related, as may be seen by com- * 
paring equations 1 and 4. If the value of In ai obtained from equation 4 
is substituted in equation 1, the result 

A - A' + [1 -h (In NO/r] (8) 

is obtained. For an ideal solution, therefore, A must have the value 
[1 -4- (In Ni)/r]. For an imperfect solution A differs from the ideal solution 
value by the amount A'. 

For an ideal solution the function h/r must have the value [1 + (In Ni)/r] 
(1/r). This function is represented as curve 1 in figure 1. Since the 
mol fraction Ni may be expressed in terms of the mol ratio as 1/(1 -f- r), 
the function [1 -4- (In Ni)/r](l/r) may be expanded in the series 

11 -4- (In Ni)/r|(l/r) = [1 - (1/r) In (1 + r)](l/r) 

= 1/2 - r/3 + rV4 - rV5 -H • • • (9) 

valid in the neighborhood of infinite dilution (r = 0). Thus for im ideal 
solution the curve of h/r va, r has the limiting value 1/2 and the limiting 
slope—1/8 at infinite dilution. Observing that m is 55.51 r, the limiting 
value of A/m must be 1/111.0 = 0.0090 mid the limiting slope —1/3 
(55.51)* - 0.000108 for the ideal solution. 

SOLUnONB OBBYINO HENRY’b LAW 

A scdution is said to obey a generalized Henry’s law if the activity 
co^eient a«/Ni is constant in dilute solutions. In general the coefficient 
a»/st ai^roaches a finite limit (2) at infinite dilution. However, it can 
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be said to approach constancy tmly if its rate of change approaehes aero. 
Hius Heniy's law can be said to be obeyed only in that porti<m of toe 
r^on of dilute solutions for which d In (aa/Ns)/dr vanishes. With toe 
exception of ideal solutions, it is extieme^ unlikely that Henry’s law is 
exactly obeyed in any region oth^ than in the limit of infinite dilution. 
For ot/jft to remain constant up to any finite concentration and then 
deviate from that constant value would require a type of discontinuity 
which, so far, we have been unable to observe in nature. 

Whether or not a solution obeys Henry's law is clearly indicated in toe 
nature Of the curve of h'/r vs. r. Equation 7 requires that h'r be constant 
in every region in which d In (at/N«)/dr vanishes. At infinite dilution 



Fro. 1. h/r versus r for various typical solutions 

oi/ni is always pven the value of unity by the choice of pure solvent as 
the standard state. Hence equation 4 requires that h'r have the value 
zero at infinite dilution. Consequently, if Henry's law is to hold at infinite 
dilution and at higher c(Hicentrations as well, h'r and likewise h'/r must 
vanish over the whole region in which Henry’s law is obeyed. Further* 
more, if Henry’s law is <mly approached in the limit, equation 7 shows 
that h'r must approach zero at least as rapidly as r*, and hence h'/r must 
approach zero as rapidly as does r. In general toe extent to which Henry’s 
law is obeyed is indicated by the extent to which h'/r approaches zero at 
high dilution. 

Many soluticms which are not ideal and h«ace do not obey Raoult’s 
law nevertheless approach Baoult’s law in the limit cd toe pure acdute 
j(r oo). By this it is meant that Qa/N« becmnes constant again in toe 
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concentrated solutions, but with a value different from that in the dilute 
solutions (if the pure solute is chosen as a standard state, the new constant 
value is unity). In this case h'r must approach a constant limit as r 
becomes very large. The value of this constant may differ from zero. 
Thus the Raoult’s law limit is indicated in the h'/r vs. r curve by an 
asymptotic approach to a curve for which (k'/r) is proportional to 1/r*. 

These two general features of a curve of k'/r vs. r for a solution obeying 
Henry’s law in dilute solution and approaching Kaoult’s law in concen¬ 



trated solutions ajre indicated by curves 2 and 3 of figure 2. The corre¬ 
sponding curve of h/r differs from the ideal limit by the amount h'/r. 
Curves 2 and 3 of figure 1 correspond to curves 2 and 3 (respectively) of 
figure 2, being obtained by adding the ordinates of the curve in figure 2 
to those of curve 1 in figure 1. In general these curves will deviate from 
the ideal curve to different extents (the aejanptotic curve h'/r «= l/r* 
may deviate widely or only slightly from zero) depending on the extent of 
imperfecto^ of the solution. Curve 2 represents a case in which Henry’s 
law is obeyed approximately up to fairly high concentrations, while curve 3 
{pves the case in which Henry’s law is obeyed only in the limit. 
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VAK- IiAAK SOXiUnKmS 

Ysn Laar (3) has givm the the(»etical equaticm 

hi («i/n») - a/(l + firy (10) 

lOT ^ general behavior oF imperfect sohiiicms. This equatitm has been 
diown to hdd eigierimentally for a wide class of 8<duli«is (1). Substi- 
tuting this expression in equaticm 7 we obtain the d^ermlitd equaUon 

(l/r}d(ft'r) - 2«|Sdr/(l + dr)» (11) 

which defines the function A' for a Van L«ar solution. On integration, 
this equation gives 

h'/r = + firy ( 12 ) 



Fis. 8. Illustrating errors in approximating activity coefficients 

Curves 4 and B of figures 1 and 2 represent tiie cases of cadmium and tin 
amalgama , which follow the Van Laar equation with the values a « 0.393 
and —3.26 and § » 0.526 and 3.85, respectively. 

The limiting value of h'/r in this case is — o^d, while the linutu^ slope of 
the curve h'/r is +2afi*. The coefficient is often approximately equal 
to the ratio of molal volume of the two components (1), while a depends 
on the d^;ree imperfectness of the solution; both may vary over wide 
ranges. The curve of h/r as. r has the limiting value (1/2 — off) and the 
limiting sliqie (1/3 + op*). Only in rare cases will the limiting slope be 
aero, namely, when to the vidue +1/3. The limiting vBlue of h/r 
may be either poative or negative. 

isB mwn AKQ aAjn>Ai:<L suna 

Lewis and Rmklidl (2) have suggested that in oum of uncertainty the 
functum h/w mif^t be extrapolated as ccmstant at hl^ dilutkm. Ihis 
rule is equivalent to the aanimptiontrf a definite way in whidh the activity 
eo^ldent 0 (/ttt behaves in dilute sotuiito. ffiaoe h/m is i»optfftional to 
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Vr, tile rule says that h must be proportional to r. If we write h ^ cr, 
equatkm 2 may be integrated to give 

In (oa/r) = 2cr + c' (13) 

Expressed in terms of mol fractions, 

In (oi/nj) = 2cn*/ni + In Ni + c' (14) 

Such an equation cannot postibly hold over any wide range of concentra¬ 
tions, since in general it gives an infinite value to In (ot/nt) in the limit 
of pure solute. 

In figure 3 the area OACD has the value (h/r)r » h. Inspection of 
equation 2 shows that —In (oi/r) is given by the sum of this area plus the 
whole area, OBCD, under the curve. According to the rule of Lewis and 
Randall the curve BC would be replaced by the approximate dotted curve 
B'C, which is horizontal in the limit of infinite dilution. Obviously this 
substitution will not produce any serious errors unless the true curve BC 
is very steep in the dilute region. 

While the rule of Lewis and Randall leads to a good approximate answer, 
a much closer approximation may be had by assuming that the curve of 
h/r V8. r approaches a straight line (slope not necessarily zero) as limit in 
dilute and even fairly concentrated solutions. Such an assumption can 
lead to serious error only in the case of dissociating solutes, in which case 
h/r approaches infinity asymptotically at infinite dilution. 

EFFECTS OF EXPERTMENTAL BRHORS 

Experimental errors in the determination of the function h'/r will most 
often enter in the form of constant percentage errors in the activity coeffi¬ 
cient Oi/ni. Thus In (oi/Ni) will most likely be in error by a constant 
amount e on the average. Such an error is equivalent to an average error 
e/r* in the function h'/r (likewise in h/r). An error so slight as 0.01 per 
cent in Ai/ni at r => 0.001 (approximately 0.05 M) will produce an error 
of 100 in>V^> at infinite dilution any experimental error whatever in 
Ai/ni will produce an infinite error in h/r. 

Any finite error made in extrapolating h/r (reap, h'/r) to infinite dilution 
cannot produce as much error in the final result as is produced by the 
smallest experimental errors. Thus if it is possible to make the extrap¬ 
olation without more than a finite error, the values of In (jih/n/) obtained 
from the extrapolated h/r plot will be far more accurate in the region of 
high dilution than could possibly have been obtained from the experimental 
data on solvent activities alcme. 

In many cases—^in particular, solutions which follow a Henry’s law, 
Raoult’s law, a Van Laar equation or any similar law—^it is to be expected 
that h/r will approach a ^te limit at infinite dilution. For any such 
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adutiioD Hk «d»«^p(datioD of the h/r at. r curve csa oertamly be made to 
within a finite error. Urns in sudh caaee the %/r vs. r {dot may be used 
to give a result far more acourate tiian the data. 

On the other hand, for solutions of electrolytes and other dissociatmg 
substances, h/r may approach an infinite limi t. In the case of diraociating 
nou'-electrolytee, the infinite limit may be removed by expreseong the mol 
ratio r in terms of the dissociation products rather than the undissociated 
substance (reference 2, page 304). In the case of electrolytes it is neces¬ 
sary to introduce the function h/n^ (in view of the Debye-Htkckel theory) 
in order to make the limit finite. By such special devices these unusuid 
cases may be handled as readily as the more regular cases. 

Because of the possibility of true as well as spurious infinite limits of 
h/r, it becomes necessary to examine the data critically before making a 
finite extrapolation. Purely accidental experimental errors will be evi¬ 
denced in the h/r plot by randomly positive and negative values of h/r, 
which become increasingly great at high dilution. In this case an extrapo¬ 
lation to a finite limit is probably quite safe. However, a systematic 
error will produce values of h/r which tend definitely to a spurious infinite 
limit (or very rarely may mask a true infinite limit by cancellation). Thus 
it becomes important to determine whether an apparent infinite limit of 
h/r is due to dissociation or to systematic errors. 

THE FUNCnOK j 

The activity of the solvent is frequently determined from data on 
freezing point lowering. To facilitate the use of such data, Lewis and 
Randall defined the function 

j » 1 - (e/\tn) (16) 

where $ is tile freezing point lowering for a solution of molality m and X 
is an appropriate constant. For aqueous solutions the function j is iden¬ 
tical witii the function ft up to moderate concentrations. Thus a plot 
of j/m vs. tn for any aqueous soluticm should coincide with the curve of 
ft/m vs. m, at least in the r^on of dilute solutions. Consequently all 
that has been said of the function ft may be said as well of j in the region 
of dilute scdutions. Fortunately this is the region in which the preceding 
contideraticmB ate of much importance. 

StniMAItT 

1. A new function ft' =» (sTi/it*) In (oi/wi) is tkfined which allows the 
direct calculation of the activity comment {ot/vt) of tiie solute from that 

the solvent to be made in the same manner that the coefficient (oi/m) 
maif be calculated from the function ft d^ned by liewis and RandtdL 

2. Experimental enote in determining oi prqdnee infinite errors in the 
ftmotiona A/(Nt/Nt) and ft'/(N»/Ni) at infinite dflution. 



APPROXIMATE RULES FOR SOLUTE AOTiViTtES 


313 


3. If the curves of A/(Nt/Ni) and A7(n*/ni) vs. (n«/ni) can be extrap¬ 
olated to infinite dilution with no more than a finite error, the values 
of the solute activity coefficients (oa/N*) and (a 2 /m) obtained from the 
extrapolated curves will be infinitely more accurate at infinite dilution 
(i.e., the error is reduced by a factor of oo ) than could be obtained from 
the experimental data alone. The extrapolation can be made to within 
a finite error provided the functions A/(n 2 /ni) and A'(ni/ni) have finite 
limits. 

4. For an ideal solution ftV(N*/Ni) should be everywhere zero, while 
A/(N 2 /ni) has a definite form as a function of (N 2 /N 1 ) with the limiting 
value of 1/2 and the limiting slope —1/3. Different types of deviations 
from ideality and their effects on the limiting values and limiting slopes of 
the h/{Si/Ni) and A'/Cni/ni) vs. (N2/N1) curves are discussed. 
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A recent article (3) described the general nature of the function h/r 
(used in calculating solute activities from solvent activities) for various 
types of deviation from the ideal solution laws. The behavior and sig¬ 
nificance of this and related functions in the limit of high dilution, to¬ 
gether with a number of other problems, may be made still clearer by the 
use of series expansions of the various functions involved. 
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wowm samiis expahuon by wdibob of nasiBuiis 

Xet y d^ote any empirical function of z which is capable expanrion 
into a poww saries in z. Let the series ejtpanaion be 

y “ A« + + -4»a? + . • ■ + + ... . (1) 

The eaaeptial requirement is that all of the derivatives of y exist and be 
finite at z 0. - 

It is desired to obtain the coefficients A», Ai, A», ... An, ... etc., 
directly from the experimental data. This may be accinnplished by a 
relatively simple device. Let us define the series of functions 

Y* ^ (y — At)/x ■» ill + ri|Z + djz* + •. • (2) 

F" = (F' - ill)/* - il, + ri,z + .(3) 

F'" - (F" - A,)/x - il, + ... , etc. (4) 

Each fimction is obtained from the preceding function as the difference 
between that function and the limit which it approaches at z » 0, divided 
by tlm value of z. The limit approached by each of these functions as z 
approaches zero is one of the denied coefficients il«, ili, ilt, ■ • ■, il*, - • • . 

This procedure is the basis of the special graphical methods developed 
by Lewis and Bandall (2) for the calculation of solute activities. Thus 
the functions In (oi/r) and h/r ue the first and second derived functions 
(F' and F") which would be used in obtaining the series expansion of 
In Oi in terms of the mol ratio r. Likewise the functions 6/m and —\(j/m) 
axe tiiose which would be used in obtaining a series expansion of the 
freezing point lowering, 6, in terms of the molality m, as is explained later. 

The applkation of this method is further illustrated in figures 1 and 2 
by means of a set of experimental data. From the data it is estimated 
tiiat y api^ouhes the limit A» (figure 1). The vidue of (y — ilg) c<me- 
sp(mdii% to any one point is ghroi by the vertical distance from the point 
to the hmisontal line y » At. The value of the function F' corresponding 
to this point is giv«i as the ratio of this distance to the abscissa (z codrdi- 
nate) of the point. If the experimental data should fall on a 8trai|dii> hne 
tiirough the point (z «■ 0, y » At), then Y' would have the same numerical 
value for all of the otperunoital points. 

The values of Y* detained from the exporimentid data are plotted in 
figure 2. Frmn these values the function F" may be obtained by a 
repetiticm the above process. It is to be noted that tiw pomts scatter 
widely in the nrighhoihood of z <■ 0. This ocean because the eqieri* 
mental enon in y are magnified fay divi#Dg by x. The erihnated hmit 

was based dbie%' on extrapolatim ftxrn the Idt^mr vahaM of x, ahere 
the <»q>eih]^tal erron are not so greatly macatted^ ’ 



AProOXlkATB KULBB VOB 80Lim! ACUVITIBB 


315 


As the process is repeated to obtain the bif^er order coefficients, the 
experimental errors will become seriously magnified up to successively 
h^her values of x. The estimated values of the coefficients will be based 
chiefly on the experimental data at higher and higher values of x, imtil 
finally the data scatter too widely to allow any reliable estimate of the 
values of higher coefficients. This merely means that with this number 
of terms in the series and the estimated coefficients, equation 1 has been 
made to fit the data within the limits of error. The addition of further 
terms might alter the shape of the resulting curve slightly but would not 
cause it to fit the data better. 

The proper choice of the coefficient Ao assures that the curve repre¬ 
sented by equation 1 will approach the correct limit at a: ■= 0. If there 



Fio. 1 Fio. 2 

Fio. 1. Direct plot of » set of data 
Fig. 2. Plot of first derived function of the set of data of figure 1 


were only the one additional term Aix, the curve would be a straight line 
whose slope is so chosen as to fit the experimental data near x = Q. The 
higher terms are present to insure that the curve will fit the data at higher 
values of X as well. Thus it is only natural that their coefficients should 
be determined chiefly by the data at higher values of x. When the curve 
has been made to fit the data up to the highest value of x, the information 
which the data can give is exhausted, and it is futile to include higher 
terms in the series. 

It is always likely that a srrrall error « will be made in estimating the 
limit - Ao ^preached by y. The function Y" will then have the apparent 
value (p — =b f)/x instead of the correct value (p — Ao)/x. Thus an 
error (± c/x) is pnxluced in Y'. While this error is infinite at x = 0, it 
becomes smi^r—until negligible—at higher values of x. Thus if the 
ngion m the neig^borirood of x ■■ o is disregarded, the errors made in 





SIS M. MAmAu-, w. F. i^snr ahb ummm 

firtiaaafeig At, etc. aib oat ^nimiilative in the eetimation of the highor 
eoc^^etmts. 

Hie aenes expanatm may be expieeeed analytically as a Maclauim's 
eraies. fVom this standpoint the eo^Scients At, At, ... , d.*, ... can 
be atpreaswd in tenns of the limiting values of the dmvatives dy/dz, 
d^ir/d**, ...»d"y/d**, ... at i =■ 0. Thus we obtiun the limiting laws 



(6) 


(8) 


(7) 


Thus the coefficient At gives the limiting slope of the curve (rf y vs. x, 
while the coefficient At depends upon the limiting curvature, and the 
higher coefficients depend upon the way in which the curvature changes. 

One might have started with the derived function Y' rather than the 
function y, obtaining Y" as the first function derived from Y'. Thus we 
may also establish the rules 

( 8 ) 

ffl) 

and many similar sets based on the higher functions Y", etc. as the first 
ot the set. 


THB h/m BULBS 

The functicm in at (the natural loguithm of the solvent activity, Oi) 
may be considered as a functicm of the mol ratio r (i.e., the ratio Nt/Ki of 
mol fraction of the solute to that of the solvent), which may in many 
cases be expressed by a power series in r. To find the coefficients of the 
allies we define the functions 

y - to Oi y - 0j (10) 

r'-(y-0)/r-(l/r)too, 

Y" - h/r - (r + l)/r - (l/r)Il + (1/r) to ad, etc. (12) 
Hm functimi. is function h/r used to paloidating solute activities. 
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An interesiang rule may be obtained by combining equations 11 and 12 
with equation 9. Thus for very dilute solutions 

ih/r) » d(l/r) In m/dr » dA/dr (13) 

The final member of equation 13 appears, since h differs from (1/r) In Oi 
only by the term unity, which contributes nothing to the derivative. 
Equaticm 13 shows that the limiting value of h/r is the limi ting slope of a 
curve of (1/r) In Oi vs. r. The accuracy to which the limiting slope of this 
curve may be estimated directly is certaiidy no greater than the accuracy 
of the data at high dilution. However, it was shown in the previous 
article (3) that the limiting value of (h/r) could under some circumstances 
be estimated far more accurately than the data alone would permit. 
Thus the plot of (h/r) vs. r furnishes a more sensitive means of estimating 
the limiting slope of the curve of (1/r) In Oi vs. r. 

Lewis and Randall (2) have shown that the solute activity, os, is to be 
obtained by the differential equation 

—d In (aj/r)/dr = dh/dr + h/r (14) 

If In (oi/r) can be expressed by a power series in r and has the value 
In 7o at infinite dilution, equation 5 shows that d In (at/r)/dr has the same 
limit as (1/r) In (ot/ryo). Remembering equations 13 and 14, one may 
therefore write 

(1/r) In (iH/ryo) = "2 (h/r) (15) 


This is an exact statement of the approximate rule of Lewis and Randall 
that In (oi/ryo) is equal to — 2A. For 8M)ueous solutions, in which the ac¬ 
tivity is taken equal to the molality (m = 55.51r) at infinite dilution, it 
may be written in the form 


i In (ot/m) 
m-+0 m 


2 ^ 
m —»0 


(h/m) 


(16) 


It is a simple matter to determine the limits within which equation 16 
will give the activity coefficient (a%/m) accurately. To a first approxima¬ 
tion Oi/r) may be expressed as (A/r)o + Br, where B is the limiting slope 
of the curve of (h/r) vs. r. To this approximation dh/dr = (A/r)o -h 2Br, 
sinoe h is given as 0^/r)t/r Br*. Thus integration of equation 14 gives 
(to this degree of approximation) 

In (o,/rTo) » 2(h/r)a‘ + (3/2)Br* (17) 

and for aqueous solutions 

In (o»/m) - 2(A/»t)aw + (S/2)B'm* (18) 

where B' is the Umiting slope (B/(55.51)') of the curve of (h/m) vs. m. 



Sis 'V. mi. w.-rntM xm m. laxmm 

^ tin tenns oontiuniiig ooeffieeM B. l%e Umiting 1«W8 «q|iiatk«ifl 
15 and 16 viE pve tiae aetivtty ooi^aideBLt fMECurately if tiie term (8/S)Br^ 
is nei^igible. In goneral they 'wil! hdd to within an soeuracy d 0.01 per 
cmt in (oi/rye) up to ti>e (xmcentraiion at which (3/2)£r* has tite value 
Ih 1,0001 - 10-«. 

It was previous^ drawn (3) that for an ideal solution B has die value 
—1/3. In this case the highest value of r at which this accuracy will 
obtain is 0,014, corresponding to a molality of 0.80. For cadmium and 
tin amalgams, with vdues d B 24.4 and —0.75, respectivdy, the 
accuracy d 0.01 per cent in (ot/ryt) will hold up to r =» 1.65 X 10“* 
(0.092 M) and 0.009 (0.53 M), respectively. These last two are cases in 
which the deviations from ideality are fairly large. In general it may be 
said that the Lewis and Randall rule, namely. In ot/ry^ —25, should 
hold quite accurately up to at least 0.1 Af except in extreme cases. On the 
otiier hand, equations 17 and 18 should hold accurately up to the nei^bor- 
hood of 5 Af (r » o.l), as is indicated by the data for cadmium and tin 
amalgams (3). 

In tile regiffli in which equation 18 holds, the activity coefficient (flt/m) 
is given as 

exp (2(A/»»)»m + (3 /^)jB'ot®] 

This may be expanded in series to give 

at/m - 1 + 2(5/m),m + [(3/2)B' + 2(5/m)JjOT* (19) 

to the (uder of approximation of m*. An exactly similar equation may be 
written for (ot/ryt), with r and B substituted in the rig^t-hand member 
f<Mr m and B\ Noting that r can be eiqianded as (n* + Ni + • • • + 

+ ...), this latter equation may be rearranged to give 

Ot/ytXt * 1 + [1 + 2(5/r)#jN* + [1 + 2(A/r)o 

+ 2(5/r)J + (8/2)B1 n5 (20) 

Equations 19 and 20 may be used to calculate the activity cUrectly from 
the limiting vidue and limiting slope of the plot of h/r va. r, and are valid 
up to moderately hi{^ oonooxtrations. 

vRKiisma FomT vomxssm 

The freemog pdnt lowering, 9, produced by tiw presence of solute to tiie 
extent of m molal, is a functioa d the moldily, which crdinari^ is capable 
d bemg expressed by a power serks in wi. By de^thm R approadies 
.%ff»<o as Ihait at infinite dilution. In ddmmining the coeffiments of tiie 
'iMribs ea|wiisi<» tiie functions 0' ■■ 9/m, 0^ «■ i9/m ** k)/m, etc. (irikn 
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X <■ 1.8S8 k the Hmiting value of 0/m) would be defined. The function 
i/m defined by Lewis and Randall (2) is —0'7X. 

Dquation 6 thus shows that the limiting value of j/m at infinite dilution 
is given as 

UM) - -(x/ 2 ) ^ 81) 


This limiting value depends on the curvature of the freezing point v». 
molality curve. Thus it is evident that the limiting value of (j/^) may 
be made uncertain by a common tendency to extrapolate to infinite 
dilution idong a straight line. 

Similarly equations 7 and 8 show that the limiting slope of the 0/^) 
vs. m plot is given by the equation 


lim 

m—K) 


d07»»)/dm 






( 22 ) 


The limiting slope depends upon the rate of change of curvature of the 
freeting point lowering curve at infinite dilution, and is made even more 
uncertain by the tendency toward linear extrapolation. 

Since both $ and 0/m are functions of m, 0/m is also a function of 0. 
Buiy (1) has assumed that (0/m) can be expanded in a power series in 0, 
with the limiting value X at infinite dilution. Thus by equation 5 the 
limiting value of [(0/m) — X]/0 is equal to the limiting slope, d(0/m)/d0 of 
a plot of (0/m) vs. 0. Since 0 approaches Xm in the limit, the limiting 
value of [(0/m) — X]/0 is also equid to the limiting value of —j/m. Bury’s 
rule states that 


This rule can be given several generalized forms. If 0/m is considered 
as being expressed by a power serira in m, then equation 8 gives 


Lim 

m-*0 


(-j/m) 


(^ A) d(0/m)/dm 


(24) 


since 0" differs fnnn 0/m only by the additive constant X. This particular 
form is analogous to equation 13. From the considerations established 
tiiere, it is evident that the plot of j/m vs. m or 0 together with Bury's 
rule furnishes a more sensitive and more accurate method of determining 
the sltqies d(0/m)/d0 and d(0/m)/dm than the plots of 0/m itself. This is 
a reversal of Bury's proposal. Bury’s rule is valuable in giving better 
values of 0/m ratiier than better values of j/m. 
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In aqueous solutions the activity of water is given to a hif^ degree of 
approximation in terms of the freezing point lowering as (2) 

In Oi = - (1/S6.S1) [(»/X) + 2.85 X 10-«9* 

+ 8.8 X 10-^ff*] + 2.303» (25) 

The coefficient of the term in 0* is at present quite doubtful, and this term 
is ordinarily omitted. The function x is that defined by Lewis and 
Bandall* to take into account the difference in In 0 i between the given 
temperature and the freezing point of the solution. It depends on the 
heats of mixing, is eversrwhere zero for ideal solutions, and vanishes at 
least as rapidly as in other cases. 

From equation 25 imd the definition of h/m, it follows that 

h/m = j/m - 2.85 X 10-« (0/m)* - 8.8 X lO"* (0/m)*0 

+ (55.51 X 2.303)a:/m* (27) 

In the limit of infinite dilution 

(h/m) = (j/m) - 2.85 X + 55.51Xo (28) 

m—fn— 

where Xo is the finite limit approached by 2.303x/m^. Equation 28 
gives the value of (h/m)o needed in equation 19, directly in terms of the 
freezing point data. 

Equation 19 also requires the limiting value, B', of the slope, d(A/m)/dm, 
of the curve of h/m vs, m. Since by equation 5 

[h/m - (h/m)o]/m = d(h/m)/dm (29) 

and 

U/m - (y/m)o]/m == d(y/m)/dm (30) 

these limiting values may be obtained by subtracting equation 28 from 
equation 27, dividing by m, and passing to the limit. Thus 

“ ^^^(J/m)/dm 

- 2.85 X 10“* [(0/m)* - X*l/m - 8.8 X 10"* (0/m)* 

+ 65.51 I2.303a:/m* - Xt]/m (31) 


* Reference 2, page 289: 


-(l/2.303jR) f 
Jt' 


((i, - iJ)/T»] dT 


X 


( 26 ) 
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Again equation 5 shows that 

has the value 

2(fl/m)d(9/wi) /dm 

which by equation 24 becomes —2\\j/m)o. The term in (0/m)* has the 
limit X*, while we will write Xi for 

^l2.303*/TO*-Xo]/m 

Equation 31 takes the final fonn 

+ 6.7 X 10-^X*07m)o 

+ 8.8 X 10"“’X* + 55 . 51 X 1 (32) 

The values of (A/^)o and B' obtained from freezing points by means of 
equations 28 and 32 can be used in equation 19 to calculate solute ac-> 
tivities with the same accuracy as values obtained from other types of data. 

SUMMAHY 

1. A simple general method of residues is given for obtaining the co¬ 
efficients in a Maclaurin’s series directly from experimental data. The 
functions {h/m) and (J/m) used in calculating solute activities are shown 
to form special cases of the application of this method. 

2. Equations are given whereby the solute activity may be calculated 
accurately for solutions up to about 5 M from a knowledge of the limiting 
values of the function {h/m) and the slope of a curve of {h/m) vs. m (like¬ 
wise (j/m) and the slope of a curve of (J/m) vs. m) at infinite dilution. 

3. It is shown that Buryis rule and analogous rules may be useful in 
obtaining improved values of freezing point lowerings and solvent ac¬ 
tivities from extrapolated curves of j/m and h/m vs. m, respectively. 
This follows since in some cases it is possible to extrapolate {j/m) and 
{h/m) with an accuracy greater than that of the experimental data. 
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In the course of a polythermal phase rule investigation of the system 
ammonium iodide-iodine-water, recently completed in this laboratory, 

TABLE 1 


Temperature arreete 


NHa 

rawr ABBMT 

UDOOITD AmBMT 


•c. 

•c. 

0 

114 

None 

2 


? 

4 


? 

6 


88.6 

8 

95.4 

88.8 

9 

92.0 

88.8 

9.5 

90.0 

88.9 

10 

89.2 

88.9 

11 

98.8 

88.8 

12 

106.1 

88.8 

14 

119.0 

88.8 

Id 

181.2 

88.6 

19 

146.5 

88.1 

21 

158.2 

87.9 

22 

157.0 

87.8 

26 

169.8 

87.6 

80 

175 

r 

34 

175 

' 7 

38 

175 

None 

42 

175 

None 

50 

175 

None 


it became necessary to determine the temperature-ecnnpoBilion diagram 
of the syston anunonium iodide-iodine. The report on tiris syeton, 
though brief, is offered in the fmm of a separate paper in tire series on the 
tanaiy systems (1, 2, 3). 

Before the work was undertaken, however, a few exploratory tests were 

822 
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TABLE 2 


Anal^€% of the aatvrated meli 


TSHFamATuma 

NHa 

•c. 

pttcmii 

88.8 

10.5 

178 

29.9 

194 

31.1 

213 

30.7 

228 

31.1 

230 

31.2 


TABLE 3 


Boiling points 


TaUPBRATeSB 

NHJ 

•c. 

p«r e«nl 

184 

0 

192 

12.0 

203 

20.2 

230 

31.2 

230 

42.0 

230 

50.0 



Fia. 1. Ammonium iodide-iodine at ai>proximately 1 atmosphere 
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made on a small scale in order to find oat if dimger was to be expected from 
iodides of nitrogen (4). Accordingly, mixtures of the two components 
(ammonium iodide was found to be quite soluble in liquid iodine) were 
melted together and kept in a fused condition for considerable periods of 
time, after which they were cooled smd examined (by percussion) for the 
presence of exploave substances. None such was ever found. 

BXPBBIMBNTAL 

The experimental technique has been described in the paper on potas- 
simn iodide and iodine. The data were obtained mmnly from cooling 
curves and analyses of the saturated melt. A few boiling point determina¬ 
tions, made under the prevailing atmospheric pressure (co. 745 mm.), 
completed the upper part of the phase diagram. The data (compositions 
in wright per cent) are shown in tables 1, 2, and 3 and the diagram in 
figure 1. 

The temperature-composition diagram requires little discussion. It is 
entirely similar to the diagram of the system rubidium iodide-iodine. A 
single polyiodide, melting incongruently at ITS^C., separates from the 
melt; this polsdodide is undoubtedly the triiodide NHJt (theory 36.3 per 
cent NHJ), though no elaborate study of the persistence of the eutectic 
arrests at 88.9*C. was made to prove this point. The liquid at the eutectic 
point contains 10.5 per cent ammonium iodide, and the liquid saturated 
with ammonium iodide as solid phase contains 31.2 per cent ammonium 
iodide at its boiling point (230'’C.). At the transition point (175°C.) it 
oontmns 29.9 per cent ammonium iodide, whence it is evident that the 
solubility of ammonium iodide in liquid iodine, like that of the iodides of 
potassium, rubidium, and cesium in the same solvent, changes only slightly 
with the temperature. 
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While there is now no valid reason for questioning the reality of solid 
ammonium triiodidc (cf. 7, 3) or for doubting that it can crystallize from 
aqueous mixtures containing ammonium iodide and iodine (c/. 12), no 
quantitative phase rule studies of the system ammonium iodide-iodine- 
water have yet been made, though such studies (hitherto always iso¬ 
thermal) have been published for the systems containing the iodides of 
potassium (15, 9), cesium (5), and barium (16). Accordingly, the investi¬ 
gation to be described in the present paper was undertaken; it consists of 
two parts,—one a preliminary isothermal study made by Miss Alrich 
and Mr. Wikswo, and the other an elaborate polythermal study carried 
out subsequently by Mr. Ballard. The latter^s polythermal phase dia¬ 
gram is the first of its type for any polyhalide system. 

Experimental 

PART l. isothermal STUDIES 

The isothermal studies were somewhat exploratory in nature and were 
completed before the polythermal work was begun. Their primary pur¬ 
pose was to find out what solid polyiodides of ammonium are formed in 
the aqueous system, and to try to identify these solid phases by the method 
of indirect analysis. The low temperatures (0® and — 15°C.) were 
chosen for the studies because it was thought that they might be favorable 
for the discovery of new solvated forms. This expectation was borne 
out by the facts, as will be seen. 

The procedure used was essentially the same as that already described 
in connection with the cesium iodide system (5). The constant-tempera¬ 
ture bath was similar to the one developed by Foote and Akerloff (6). 
Because of the low temperatures which were employed, special precautions 
had to be taken regarding the sampling of the saturated liquid and the 
wet solid residues, as well as to prevent condensation of moisture from the 
air during these operations. 
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The woric at 0*X). was carried out by Miss Alrich. Her data i^ypear m 
table 1, and her isothermal diagram, showing the details of the extrapola- 


TABLE 1 

Ammonium iodide-iodino-vmter at df'C* 



1 MLUtZOlf 

1 WSTSOUD 


SSKtALKO. 





aXTEAPOLATaD BOUD 

NHa 

I 

KHJ 

1 

1 

60.8 

0 




2 

57.4 

8.4 

78.1 

4.3 


3 

54.5 

14.4 

72.5 

8.8 

^ NH 4 I 

4 

51.0 

22.4 

69.6 

13.7 

5 

49.2 

26.1 


16.9 


6 

46.8 

31.3 


19.8 


7 

46.6 

31.0 


27.8 


8 

46.5 

31.3 

52.2 

38.3 

NH 4 I and NH 4 I 1 

9 

46.1 

32.0 

50.0 

42.1 


(Mean. 

46.4 

31.5) 

37.1 




10 

41.9 

38.5 

55.4 


11 

39.1 

40.9 

37.4 

56.4 


12 

34.0 

49.1 

35.9 


- NH 4 I. 

13 

33.3 

50.3 

35.6 

58.2 

14 

28.8 

58.0 

34.5 

61.5 


15 

25.9 

63.8 

32.7 

63.6 


16 

25.8 

64.0 

27.1 

68.0 

NH 4 I. and NH 4 I. (7) 

17 

25.8 

63.9 

24.2 

70.2 

1 NH 4 I. (?) 

18 

25.0 

64.2 

23.8 

69.8 

19 

24.1 

65.4 

22.8 

70.2 

NHglg (?) and iodine 

20 

24.0 

64.9 


83.2 


21 

23.8 

61.4 


85.2 


22 

23.5 

56.4 


84.0 


23 

23.3 

62.7 



* Iodine 

24 

22.2 

45.6 



26 

17.4 

27.6 




26 

12.2 

15.0 

3.3 



27 

3.5 

2.9 

0.9 




* Data by Mias Alrich. 


tions through the wet solid residues, appeurs in figure 1. Compositions 
are in percentages by weight. 

The diagram shows definitely that NHJi (l^eory 36.3 per cent NH4I) 
is one of the solid phases and that it is congruently soluble. But a more 
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interesting matter is the clear indication of a second polyiodide, the solu¬ 
bility curve of which is very short. The data are not numerous enough 
to permit one to be sure about the formula of this new polyiodide, but the 
evidence (based upon two tic lines) points to a pentaiodide. If so, it is 
not congruently soluble. 

It will be noticed that Miss Alrich’s diagram has been marked “partly 
metastable.” This is because it was later found in the poly thermal study 
that her isothermal curves in the region of the polyiodides, while correct 



insofar as they represent solid-liquid systems in equilibrium, do not corre¬ 
spond to the stable conditions. This matter will be considered later in 
more detail. 

The work at — 15®C. was done by Mr. Wikswo. His data appear in 
table 2 and his diagram in figure 2. The latter indicates that the solid 
phases are ice, ammonium iodide, and a polyiodide. The isothermal is 
apparently stable throughout. The test mixtures used in this work were 
kept in the thermostat for at least one month before the first analysis was 
made, and during that time they were shaken each day and the solid 
residue ground fine with a glass rod. 
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Fortunatdy, in the work at — 15°C. the trouble due to metastability 
was detected in time so that the stable diagram could be obtained. The 
liquidus curves for the ice and for the ammonium iodide were determined 
first, and what later proved to be metastable systems were found in the 

TABLE 2 


Ammonium iodide-iodine-water at 


BSBIAL UtO, 

S0X.U110N 

warsouo 

BXTBAPOLATVO BOUO 

NHsI 

I 

NHd 

I 


1 

53.38 

0 



' 

2 

56.91 

4.25 

80.78 

1.94 


3 

55.14 

8.85 

78.38 

i.43 

NH 4 I 

4 

53.96 m 

11.23 m 

73.90 

6.39 


5 

49.76m 

20.95 m 

69.63 

12.81 


6 

54.67 

10.08 

41.74 

38.40 

) 

7 

54.61 

9.93 

67.05 

14.96 

f NH.I and NH.h-SHsO 

8 

(Mean. 

54.58 

54.6, 

9.94 

lO.Oo) 

49.05 

29.87 

j 

9 

50.55 

9.91 

41.56 

32.97 


10 

47.83 

9.68 

39.69 

34.03 


11 

45.81 

9.78 

37.02 

40.53 


12 

42.03 

9.93 

37.25 

32.36 

NHtIrBHiO 

13 

40.47 

10.30 

34.47 I 

41.80 


14 

39.12 

10.19 

35.62 

32.17 


15 

37.08 

10.52 

33.86 

37.13 


16 

37.12 

10.67 

30.51 

32.69 

] 

17 

37.02 

10.52 

28.03 

22.20 

} NH4lr3H,0 and ice 

18 

(Mean. 

36.72 

36.96 

10.74 

10.60 

22.23 

8.53 

1 

19 

31.74 m 

34.38m 

23.30 

24.91 


20 

34.54m 

21.10m 

25.85 

15.70 


21 

36.30m 

13.63 m 

23.62 

8.92 

^ Ice 

22 

37.03 m 

11.06m 

24.62 

7.22 

23 

24 

38.61 

39.54 

4.40 

0 

23.36 

2.70 



* Data by J. P. Wikswo; m, metastable* 


course of this work. The metastable systems are serial Nos. 4 and 5 
(saturated with ammonium iodide) and Nos. 19, 20,21, and 22 (in equilib¬ 
rium with ice) in table 2. They give points on the metastable extensions, 
req>ectively, of the liquidus curves of ammonium iodide and ice, as shown 
in figure 2 by means of the broken lines, 
finally—and purely by chance—one of ^ mixtures (serial No. 5 in 
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table 2) gave the invariant solution (serial No. 7) later found to be in 
equilibrium with ammonium iodide and the polyiodide. Solid taken from 
this mixture was thereupon used to inoculate other mixtures with the poly¬ 
iodide (obviously the solid which was failing to appear); whereupon No. 4 
changed to No. 6 (ammonium iodide-polyiodide invariant), and Nos. 
19, 20, and 21 changed to Nos. 16,17, and 18, respectively (ice-polyiodide 
invariant). After this, it was a simple matter to locate the solubility 
curve of the polyiodide itself (Nos. 9 to 15, inclusive). 



Fio. 2. Isothermal diagram at -“15®C. 


The tie lines used in ascertaining the composition of the polyiodide at 
— 16®C. have been drawn with great care in figure 2. The points numbered 
2, 3, and 4 in the diagram correspond respectively to the dihydrate, tri- 
hydrate, and tetrahydrate of NH 4 I 8 . It is evident from the diagram that 
the tie lines converge in close proximity to the point (32.0 per cent am¬ 
monium iodide, 56.1 per cent iodine) representing the trihydrate; hence 
the polyiodide has the formula NH4I3 • 3 H 2 O. It is not congruently soluble 
at -~16®C. 

It is quite evident, from what has gone before, that the isothermal 
studies were productive of several important results. They showed that 
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at least tluee pdjriodide jdiaaea were to be e3Q)eeted in aoy pc^hennal 
study of the ternary system,—d.e.» the udiydrous triiodide NHiIt, the 
hydrated triiodide NHilfSH/), and a third polyiodide which is posnbly 
a pentaiodide. They also gave warning of the difficulties arising from 
suspended transformation, espedally as regards the hydrated triiodide, 
and indicated that systematic inoo^tion would have to be used in all 
future work. 

PAST n. THB POIiVTHEBMAL SYSTEM 
A, The binary tyetem 

The solubility of iodine in water has been determined at a number of 
temperatures by Hartley and CtunpbeU,^ and is so small that it may be 
neglected in the present work. The ice-iodine eutectic temperature is 
therefore virtually the same as the melting point of ice, and the eutectic 
solution contains almost no iodine. 


TABLE 3 

Solubility of ammonium iodide 


TSIfPnUTCrKB 

NHtl 

* TBICPBBATUIIB 

NEa 

•c. 

ptt cmU 

•c. 

P0r 0gfil 

-20 

67.6 

40 

65.6 

-10 

60.1 

60 

66.6 

0 

60.6 

60 

67.6 

10 

62.0 

70 

68.6 

16 

62.7 

80 

60.6 

20 

63.1 

100 

71.4 

25 

63.9 

120 

73.1 

30 

64.4 

140 

76.0 


When the present investigation was begun, temperature-composition 
data for the system ammonium iodide-iodine were non-existent and had 
to be found by means of a special investigation. The results have been 
presented in a separate communication (3). As expected, the compound 
NHJi was found; it decomposes at ITS’C. (incongruent melting point) 
into solid ammonium iodide and melt. The temperature of the eutectic 
between iodine and NHJ« is 88.9°C., and the eutectic melt contains 10.5 
per cent ammonium iodide by actual analysis. 

As regards the system ammonium ioffide-water. Smith and Eastlack 
(17) have determined the solubility of the sidt, which forms no hjnlrates, 
^tween -19° and 136°C. Their data, interpolated for rounded temper- 

> See reference 11; the solubility is 0.028 per cent at 18*C. sod 0.002 per cent at 
Cf. also the more complete study of dm system iodine-water by Krooek 
(J. I%ys. Chem. 88 , 417 (1881)). 
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atures and converted into per cent ammonium iodide, are given in table 3. 

According to Guthrie (10) the ice-ammonium iodide eutectic is at 
—27.6°C. and 55.6 per cent ammonium iodide. Data enabling one to 
locate the fusion curve of ice, however, were lacking, and had to be de¬ 
termined separately. The data, for rounded temperatures down to the 
eutectic point, are given in table 4. 

At this point mention should be made of the fact that in no case, either 
in the binary systems containing ammonium iodide or in the ternary 
system, was there found any indication of an ammonium iodide transition 
point. While Bridgman (2; cf. 17) has shown that there is a second 
polymorphic modification which is stable below an ^tinoated temperature 
of — 17.6“C. at normal pressure, it is formed too slowly to be observed 
under the conditions prevailing in the present work. 


TABLE 4 

Freezing ptinie of ammonium iodide solutions 


TSMPBBATirKa 

NHJ 

TSHPULkTUBB 

NHil 

•c. 

pmr e$Ht 

•c. 

ptr emt 

0 

0 

-16 

40.7 

-3 

11.8 

-21 

47.7 

-6 

20.7 

-24 

51.5 

-9 

28.0 

-27.4 E 

55.5 E 

-13 

35.8 




B, Procedure 

The procedure employed in the polythermal study was basically the 
same as that described by Briggs and Geigle (4) in their work on the system 
potassium iodide-iodine. Cooling curves of various mixtures of the three 
components contained in a specially constructed jacketed tube were ob¬ 
tained with extreme care. The tube, which was partly immersed in a 
suitable cooling mixture contained in a large Dewar flask, was fitted with 
a cork stopper (painted with collodion) carrying the thermometer, a high¬ 
speed stirrer, and an opening for sampling and inoculation. All ther¬ 
mometers (marked for stem immersion) were calibrated by intercomparison 
and by means of a number of standard fixed temperatures. 

The first attempts to obtmn reproducible cooling curves resulted in 
complete failure at the low temperatures. Undercooling was extreme,— 
so much so that a first arrest was often followed by a second which was as 
much as 10°C. higher. The trouble, however, disappeared immediately 
after a suitable system of inoculation was employed. The inoculating 
solid was obtained by dipping a number of fine glass rods into the fused 
mixture being cooled, and keeping these rods in a stoppered tube held well 
below the temperature of the arrest being determined. 
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The procedure finally adopted was to make a prdiminary determination 
oS thie cooling curve so as to establish the ^iproximate position of each 
arrest, and to follow this with a second determination accompanied by 
repeated inoculations begun well above the temperature the expected 
arrest. Perfectly reproducible cooling curves were thus obtained, in 
which consecutive arrests differing frcan each other by as little as 0.6®C. 
could be found with certainty. 

After the cooling curve had been determined to the satisfaction of the 
operator, the mixture was remelted, cooled slowly, and subjected to an¬ 
alysis of the liquid phase at appropriate temperatures as determined by a 
consideration of the cooling curve. Since the operation is really a de¬ 
termination of solubility, care was taken to hold the temperature of the 
mixture constant at the point decided upon for a sufficient length of time. 
A period of 15 min. (with rapid stirrings) was found by test to be sufficient 
for the accuracy necessary in work of this kin^. Inoculation, of course, 
was again essential. 

C. Crystallization from ternary metis 

Before proceeding to the data, the general considerations governing 
crystallization (i.e., separation of solid phases) in ternary systems will be 
reviewed. Although the matter was considered in detail by Geer (8) 
many years ago, it will be presented here again, but in a somewhat differ¬ 
ent way. 

Figure 3 shows a typical triangular projection diagram of a system giving 
a ternary compound, ABC, melting incongruently. The direction of 
falling temperature along each boundary line between adjacent fields is 
indicated on the diagram and is in agreement with the theorem stated by 
Bancroft (1) and attributed by him to van Rijn van Alkemade (18). 
Points E and F are therefore ternary eutectics and T is a transition point, 
while P and Q are positions of maximum temperature (i.e., dystectics) 
on their respective boundary lines. 

As temperature falls along the boundary DE, solid A and solid B sepa¬ 
rate simultaneously from the melt and the composition of the latter follows 
the boundary to E, where a third solid phase (compound ABC) appears 
and solidification proceeds to completion at constant temperature and 
constant composition of the melt (i.e., is an end point of crystallization). 
If one takes any point on this boundary (such as the one indicated on the 
diagram by the pair of diverging arrows), and draws through this point 
the tie lines to A and B, respectively, it is easy to see that separation of A 
from tbe melt tends to shift the compoitition of the melt along the corre- 
sponifing tie line away from A, while separation of B tends to eMft the 
compoitition along the other corresponding tie line away from B. Hie 
direction these individual composition shifts may be r^resented by 
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means of arrows (i.e., composition vectors) as i^own on the diagram; 
whmice it becomes obvious at once that the net effect or resultant of the 
two simultaneous separations of solid is a shift in l^e composition of the 
melt (necessarily along the boundary line) in the direction of the eutectic 
at E ,—that is to say, in the direction of falling temperatiue. 

Along the boundary DE, of course, the two solid phases separate simul¬ 
taneously as the system is cooled. Such is not the case, however, along 
the incx>ngruently saturated boundary EQT, for, as one of tbe two solids 


-3 



Fio. 3. Typical triangular projection diagram of a system giving a ternary 
compound, ABC, melting incongruently 


separates (ABC in this case), the other (B) actually dissolves. The latter 
phenomenon will be called negative separation (or negative crystallization) 
in order to distinguish it conveniently from the opposite ease where the 
solid actually separates, which case will be called positive. In figure 3, as 
a matter of fact, we have positive separation of A and B along DE during 
cooling, positive separation of A and C along HF, of B and C along TG, 
of ABC and C along FT, and of A and ABC along EF-, but along ET we 
have positive separation of ABC and negative separation of B. The com¬ 
position of the melt will renuun on the boundary ET during cooling, only 
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ao l<nig M a si^ly ol solid B ranaiia to be dissolved. When the sidid 
B is used up, iki melt d^wrts txcm the boundary. Sevmvl iastaaees of 
sueh a d^tarture wore encountered during the work on the ternary aystem, 
and until it was dearly understood, the cooling curves were d^Bcult to 
interpret. 

D^arture fnnn a boundary is possible whenevra: one of the two co¬ 
existing BoUd {diases exhibits negative separation along the boundary. 
It is therefore'necessary to be able to predict the t 3 pe of s^aration which 
prevailB along any part of any given Itoundary, and in doing this one will 
find it extremdy helpful to make use of the semi-quantitative vectorial 
method which has b^ indicated above. The general rule governing the 
metiiod may be stated as follows: 

‘'The veotora (arrows) drawn at any point on a boundary curve in order to repre¬ 
sent the individual eomposition slufts which result from the separation, etUter poti- 
twe or negative, of the respective solid phases during cooling, must conform to the 
facts that their resultant is tangential to the boundary at the place under considera¬ 
tion, and is pointed in the direction of faUing temperature along the boundary.” 

The direction of falling temperature, of course, is taken from the point 
under consideration on the boundary; and the direction must be known 
from the experimental facts or from the application of van Alkemade’s 
theorem. It is then a simple matter to apply the rule, give the vectors 
(arrows) their propmr direction at any point on a boundary, and find 
whether the separation required of each solid is positive or negative. 
Several examples of the application of tiie rule are shown in figure 3 and 
are discusKd in the next two paragraphs. 

If we take any pmnt on the congruent boundary FT in figure 3, or any 
point other than the dystectic P on the congruent boundary FPE, it is 
evident that the rule requires that the vectors (arrows) be drawn and 
directed as shown on the diagram. Positive separation of both solid 
phases (ABC and C, ABC and A for the two boundaries, respectively) 
is tims indicated during cooling. It should be observed that at the 
dyriectic P the tangential resultant has become equiti to zero and there is 
neither a temperature fall nor a change in the composition of the melt 
whfle tile two solids are s^arating. 

As tegttrds the boundary EQT, the only possible arrangmnent of the 
acniwB whkh conforms to the rule is aim as shown on the diagram; 
hence AM? separates positively and B n^tivdy. At the dystectic Q 
tite same' kind of separation tidces place, but the resultant comporition 
shift Is again aero and the melt remains at Q (tmnperature constant) as 
l<mg 1(8 any sdid B remains undissolved. 

In 3A part of the smne triangular diagram is reproduced on a 
ImgBT jltela, ao that smne of the crystalliiathm phenmnmia may be more 
earily i^Umed. lines have been drawn (also in figure 8) from M (ABC) 
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to tlie Hiree apexes A, B, and C, respectively, dividing the triangular 
diagram into three ddimiting areas which enable one to tell what final 
solid phases will result whmi any given melt is cooled to the point of com¬ 
plete solidification. Thus, if the composition of the melt lies in the area 
bounded by AMCA, the final solid phases must be A, ABC, and C, and 
the end point of solidification (crystallisation) must be the eutectic F. 
Similarly, A, ABC, and B must ^ the final solids in the area ABMA 
and the eutectic E the end point, while in the area BMCB, C, ABC, and 
B must be the final solids, and the end point must be the transition point 
T, even though B separates negatively at that point.* All of this, of course, 



is predicated on the assumption that equilibrium between the various phases 
is constantly maintained. 

We are now ready to deduce a few theoretical crystallisation paths, be¬ 
ginning, for example, with melt <rf the composition * in figure 3A. Since 
X lies in the delimiting area giving A, ABC, and B as the ^nol solids, the 
eutectic E must be the end point of ciystaUisation. 

Since x also lies in the field of B as solid phase, the latter will be the 
first to appear on cooling. The temperature will fidl continuously as B 
separates, and ihe composition of the melt will move along the tie line 

• At s euteetie, of course, all three solids separate positively, but at other three- 
solid invariaats depending on tiie type, we have negative separation of one solid or 
negative separation of two s<dids. 
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Bxt toward z. When z (on the hoondaiy BXiT) is readied, sdid ABC will 
begin to sei»rate, and B will bepn to redimioe (i.e., s^iarate negativdy). 
The temperature will continue to fall until the eutectic at E is readied, 
where solidification to a mixture of A, ABC, and B will go on to completion 
at constant temperature. Between z and E, however, some but not aU 
of the solid B separating between x and z will have redissolved. The cool¬ 
ing curve will show a partial arrest at x (separation of B), a second partial 
arrest at z (separation of ABC), and a complete and final arrest at the 
eutectic E. 

Melt of the composition y (below the critical line EM) follows a more 
complicated crystallization path in which departure from a boundary line 
occurs. Since y happens to lie in the delimiting area AMCA, the final 
solids must be A, ABC, and C, and the second eutectic at F is the crystal¬ 
lization end point. As before, solid B appears first on cooling (note how¬ 
ever that B cannot be one of the final solid phases), the composition of the 
melt shifts to z and then along the boundary EQT in the direction of E. 
It never reaches E, however, but instead at the point r (on the extension of 
the tie line joining y with M), the melt leaves the boundary line and crosses 
over the ABC field to the boundary FPE at a. 

At the “critical” point r the system consists of melt, solid ABC, and the 
last trace of solid B, for the solid B which separated between y and z is 
about to disappear on account of negative separation between z and r. 
It is not difficult to understand why this must be so, if one keeps in mind 
the fact that the composition shift from y to the critical point r could have 
been made stoichiometrically by the removal of ABC alone from the orig¬ 
inal melt. At the point r, of course, the system gains a degree of freedom. 

The rest is obvious. When the critical point is reached, the melt moves 
across the ABC field to «, the temperature falling continuously and ABC 
separating positively. At a solid A also be^ns to separate positively, and 
finally the eutectic is reached at F. 

TTie cooling curve is also worth considering. A partial arrest will be 
observed at y when B begins to separate, and another at z when ABC 
starts to form. Some change in the slope of th^|mling curve should be 
noticed at the critical point r, followed by a vb^ partial arrest at a. 
There will be, of course, a cranplete and final arrest at the eutectic F. 

Melt of the composition af in figure 3A lies in the delimiting area giving 
A, ABC, and C as the final solid phases and fbe transition point T as the 
end pdnt of crystallization. By following the same line of reasoning 
as brfore, it is not difficult to see that tiie crystallization path follows the 
tie line Bx'z' to and then the boundary EQT to T. Similarly, mdt of 
the composition y' (which lies in the delimiting area giving A, ABC, and 
C as the final solids, and F as the end point cS crystallization) follows tiie 
path y' to z', the path z' to r' (critical pcnnt wh«e solid B disappears), 
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then departs from the i^undary EQT across to s', and hnally follows the 
boundary FT to F. 

If one has followed this discussion carefully, it is now apparent that the 
r^on (herdnafter called a “critical” area) which is bounded by EQT 
and the straight lines EM and MT, includes all possible melts which show 
departure from the boundary EQT on cooling. The recognition of these 
critical areas is important for the purposes of the present investigation, 
since several areas of the type appear in the ternary diagram, as will be 
seen later. For further details, the paper by Geer should be consulted. 

D. The ternary diagram 

Table 5 contains the temperature-composition data, the compositions 
being expressed in percentages by weight, as before. The data marked 
“W” are taken from table 2. The ordinary type of polythermal projection 
diagram is shown in figure 4. The value given for each invariant is the 
mean of several independent determinations. Thus, for example, the 
invariant K was found during four different surveys, with the following 
results: 


Temperature, ®C. 

0.1 

0.2 

0.2 

0.2 


Ammonium iodide .... 

23.84 

23.90 

23.98 

23.91 

23.91 ± 0.04 (mean) 

Iodine. 

65.38 

65.40 

65.51 

65.40 

65.42 d: 0.04 (mean) 


Table 6 contains the various binary and ternary invariants, collected 
together for the sake of convenience. Some of these, of course, are taken 
from the paper by Briggs and Ballard on the system ammonium iodide- 
iodine (3). 

Most of the actual composition data are shown on the triangular dia¬ 
gram (figure 4), except in the pentaiodide region, where they have been 
omitted for the sake of clearness. Figure 5 is the corresponding J&necke 
projection on the ammonium iodide-iodine plane. The invariants B and 
L are eutectics; P and Q are dystectics. The peculiar appearance of the 
ice-iodine boundary 8L on the J&necke projection should be noted. 

Some of the boundary lines merit further comment. A discussion of 
these boundaries follows. 

The boundary SL (ice-iodine). Mention already has been made of the 
fact tiiat the position of this boundary is most unusual. If one applies 
the vectorial method described in the preceding section of this paper, one 
finds that iodine separates natively along all but a negligible part of the 
boundary, the critical region being the area inclosed by the boundary and a 
straight line drawn from the invariant L to a point which is virtually the 
same as 8. Any mixture having a composition within this area will ulti¬ 
mately depart from the boundary during cooling, the crystallization path 
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t>OaiTXONON 

OIAOSAM 


S 


TABLED 


Boundary Uneo 


vncraBATOBii 

Ui 

NJEUX 

1 

•OUBnUMM 

•c. 




0 

0 

(0.016) 


^1.9 

7,81 

8.80 

' 

-8.2 

13.48 

18.30 


-4.5 

-5.9 

18.58 

21.51 

31.22 

43.50 

^ loe and iodine 

-6.9 

22.80 

48.63 


-8.3 

23.20 

52.48 


-8.1 

23.21 

51.50 



23.61 

44.35 



23.82 

43.40 



23.51 

43.00 




36.81 




32.60 




23.84 

17.10 

* loe and NHiIs'SAq 

-12.8 

33.12 

12.32 


-15.0 

36.95 W* 

10.64 W 


-16.9 

39.52 

8.97 


-19.1 

43.22 

7.09 


-23.4 

48.70 

5.76 


-27.9 

53.50 

4.60 


-23.4 

54.41 

5.92 


-19.1 

54.62 

7.49 


-16.9 

54.61 

8.61 


-15.0 




-14.9 

54.50 

9.75 


-12.8 

54.13 

msEm 

NH.I and NH<I.-3Aq 

-10.5 

53.48 

13.33 


-7.2 

52.22 



-4.2 

50.49 

21.91 


-2.2 

48.50 

20.35 


-0.8 

40.72 

BiiAlifll 


2.0 

46.12 

31.42 1 

1 . 

9.7 

44.79 

36.11 


18.0 

43.22 

39.02 


25.0 

42.19 

41.89 

^ NH 4 I and NH.I. 

61.5 

87.92 

53.02 


78.7 


55.72 


175 

29.92 

70.13 



♦ Tie data marked are taken from table 2. 
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TABLE 6 —Contimted 



mull 

1 LIQUID 1 


poimoNoii 




SOUD PHABB8 

PXAABAII 

NH4I 

1 


-c. 




CG 

0.9 

44.02 

33.72 


CG 

2.9 

40.31 

39.21 


CG 

4.4 

37.38 

43.82 


CG 

5.9 

34.61 

48.28 


CG 

6.7 

32.61 

51.52 


CG 

7.0 

30.78 

54.13 


CG 

CG 

6.6 

6.0 

29.31 

28.31 

56.51 

58.93 

^ NH 4 ls- 3 Aq and NHiL 

CG 

5.6 

27.91 

59.90 


CG 

5.1 

27.36 

60.41 


CO 

4.1 

26.58 

62.12 


CG 

3.4 

25.92 

63.52 


CG 

2.9 

25.51 

64.23 


G 

2.4 

25.08 

64.64 


GF 

3.0 

24.91 

65.10 


GF 

5.0 

24.41 

66.13 


GF 

GF 

5.3 

7.0 

24.45 

24.02 

66.05 

67.00 

^ Pentaiodide and NH 4 IB 

GF 

7.6 

23.90 

67.10 


F 

9.8 

23.22 

68.75 


GK 

1.6 

24.78 

65.10 


GK 

GK 

1.2 

0.6 

24.61 

24.07 

65.23 

‘ NH 4 l 8 - 3 Aq and pentaiodide 

K 

0.2 

23.91 

65.42 


KL 

-0.3 

24.00 

64.71 


KL 

- 0.8 

23.90 

64.21 


KL 

- 1.8 

23.81 

63.00 


KL 

KL 

-2,7 

-3.8 

23.82 

23.81 

61.75 

60.50 

^ NH 4 li* 3 Aq and iodine 

KL 

-5.0 

23 80 

58.90 


KL 

-6.9 

23.63 

55.40 


L 

-8.3 

23.20 

52.48 


KF 

2.2 

23.71 

66.12 


KF 

3.2 

23.82 

66.50 


KF 

4.2 

23.71 

66.96 


KF 

4.4 

23.58 

67,00 


KF 

5.7 

23.50 

67.00 

> Pentaiodide and iodine 

KF 

6.0 

23.62 

67.21 

KF 

6.8 

23.40 

67.90 


KF 

8.7 

23.30 

68.13 


KF 

8,9 

23.16 

68.45 


F 

9.8 

23.22 

68.75 
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TABLE ^-Comludtd 


potmoN ox 

mFSBATUftI 

u^im 

aomwmjm 

DIAOBAM 


NHU 

1 


FE 

•c. 

11.8 


69.10 


F£ 

12.0 


69.41 


FE 

15.1 

22.41 

70.17 


FE 

20.1 


71.56 


FE 

25.0 

21.52 

72.62 

> NHiIi and iodine 

FE 

33.4 

20.03 

75.08 


FE 

45.6 

17.88 

78.22 


FE 

59.2 

15.13 

82.46 


E 

88.9 

10.52 

89.48 




Fio. 4. Polythermal i»-ojection diagram 

then cutting acroas the ice fidd to the boundary BL. An interesting study 
of the theoretical crystaUisaticm jwths may be made in this region. 

Th$ bowidary LB (ics-NHJcSHiO). The vectcff test shows l^at both 
solid phases s^>arate positively during cooling. mcperimental data 
show a de&ute thoui^ sl^iht temperature maanmum tiie dystectic 













POLYIOPIDES OF AMMONIUM. 11 


341 


TABLE 6 
Itwariant point* 


MMUnOll 

ON 

TailPBBA* 

uaoto 

t 

lOUD MA8M 

DUOBAM 

> 

TOM 

NH«I 

I 

A 

•c. 

-27.4 

55.5 

0 

Ice and NH,! 

S 

0 

0 

(0.016) 

Ice and iodine 

D 

176 

29.9 

70.1 

NH 4 I and NH 4 I, 

E 

88.9 

10.5 

89.5 

NH 4 I, and iodine 

I 

114 

0 

100 

Iodine 

B 

-27.9 

53.5o 

4.6, 

Ice, NH4l,*3Aq, and NH 4 I 

L 

-8.3 

23.2o 

52.4, 

Ice, NH4l,*3Aq, and iodine 

C 

-0.8 

46.7t 

30.0, 

NH 4 I, NH4l,*3Aq, and NH 4 I, 

G 

2.4 

25.0, 

64.64 

NH4l,*3Aq, NH 4 I,, and pentaiodide 

K 

0.2 

23.9i 

65.4, 

NH4l,‘3Aq, pentaiodide, and iodine 

F ! 

9.8 

23.2, 

68.7, 

Pentaiodide, NH 4 I,, and iodine 



Fio. 5. J&necke projection on the ammonium iodide-iodine plane 

P), not far from the invariant L. When the data used in constructing the 
J&necke projection (tonperature versus per cent iodine in the total of 
ftmmftfiimn iodide and io^e) were plotted separately on a suitable scale, 
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the position of the maximum tanparatuie (—7.6'‘C.) was estimated to be 
at about 64 per cent iodine. Knee the theoretical iodine content of am¬ 
monium triiodide is 63.7 per cent, all this is evidence (based upon tile van 
Alkemade principle) that the polyiodide present at this boundary is a 
triiodide. Since it cannot be the anhydrous triiodide, it must be a h]^- 
drated form—evidently the trihydrate discovered by Mr. Wikswo in his 
isothermal study. Further evidence supporting the trihydrate formula 
will be presented later on. 

The boundary CD (NH J-NHtIt). T h i s boundary is of interest because 
the vector test shows that solid ammonium iodide separates negatively 
throughout the whole length from Z> to C. The critical region is the area 
between the boundary and lines drawn from R to C and from R to D, 
respectively. 

The boundary CG (NHJcSHiO-NHJt). The vector test shows that 
the anhydrous triiodide separates negatively along the whole boundary. 
There is a pronounced temperature maximum at Q. The critical r^on is 
the area enclosed by the boundary and straight lines drawn from H to C 
and from H to G, the whole giving a system like that shown in figure 
3A. Test mixtures were found to depart from the boundary at the 
points required by the crystallization theory, and then to cut across the 
field of the hydrated triiodide,—thus fmling to show the invariant arrests 
at C, O, or K, according to circumstances. For instance, in one experi¬ 
ment a mixture l 3 ring in the area QHG failed to give the arrest at G but did 
give the arrest at K, while in another experiment the mixtiue failed to 
give both these arrests, and crossed instead directly from the boundary 
QG to the boundary KL. Occurrences of this kind were not easy to inter¬ 
pret during the early stages of the investigation. 

The J&necke projection data make it possible to locate with considerable 
precision the position of the temperature maximiun on this boundary, the 
estimate based upon the actual data being 7.0°C. and 64 per cent iodine 
in the total of anunonium iodide and iodine. The latter number again 
corresponds very closely to the iodine content of ammonium triiodide (63.7 
per cent) and shows that the two coexisting solids are tiiiodides. 

The '^melting points" of the pure polyiodides. Each of the three poly¬ 
iodides found in the present system melts incongruently when heated. 
The (stable) melting point—congruent or incongruent—of any solid 
compound appearing in a tmiary diagram is always the point of highest 
temperature on the (stable) liquidus surface for that compound in the 
space model; this follows easily from the theory of crystallization in 
ternary systems if one considers the fact that the melting point of the pure 
compound (whether congruent or incongruent) must be the same as the 
end point tk crystallization of a mixture the Mai compotition of which is 
stoichiometrically identical with that of the compound. By pure com¬ 
pound is meant tiie solid free from way adhering liq^ phase. 
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Accordingly, the compound NHiIs-SHsO melts incongruently at the 
temperature (7.0®C.) corresponding to the dystectic Q,—the highest 
temperature anywhere on the liquidus surface of the trihydrate. As it 
melts, it gives liquid of the composition Q and solid of the composition R 
(figure 4), that is, solid NHJs- The latter, in turn, melts at D (175®C.), 
giving liquid of composition D and solid NH4I. However, the invariant 
point F (9.8®C.) is the highest temperature in the field of the pentaiodide; 
hence this compound melts incongruently at 9.8®C., giving liquid of the 
composition F and two solids, i.e., NHJs and iodine. 

E, The indirect analysis of the solid polyiodides 

Further work on the chemical identification of the polyiodides was done 
during the polythermal study in order to check the results obtained in the 
isothermal investigations. However, the usual method of analyzing liquid 
and wet solid residues was largely replaced by the alternate method involv¬ 
ing the determination of crystallization paths. The latter method is 
simple experimentally, since it requires the sampling and analysis of only 
the liquid phase; but it suffers from the fact that in fields of limited area the 
crystallization paths are necessarily short and extrapolation is therefore 
uncertain. As was to be expected, therefore, the best results were obtained 
in the field of the hydrated triiodide, and the poorest in the field of the 
pentaiodide. The three polyiodide fields will be taken in order. 

The NHils field. Only crystallization paths were determined in this 
field; the data are collected in table 7. The paths (excepting Nos. 8 and 
9) converge over a wide angle to a very satisfactory focus which is close 
enough to point R (figure 4) to show that the solid is NHJs, thus confirm¬ 
ing the isothermal extrapolations at 0®C. It is not deemed necessary 
to present a graph showing the crystallization paths in this case. 

The NHJ8-3H20 field. The crystallization paths in this field were in 
some instances supplemented with analyses of the wet solid residue. The 
data appear in table 8 and the extrapolations, numbered to accord with the 
table, in figure 6. With one exception, the extrapolated tie lines pass 
through the point corresponding to the formula NH4l8*3HiO, thus con¬ 
firming the isothermal results at — 15®C. 

The pentaiodide field. The data are given in table 9 and the graph in 
figure 7. The crystallization paths (surveys 1 and 3) are necessarily very 
short, and little is to be expected from the method unless the’ analytical 
technique can be greatly improved. The greatest weight should therefore 
be given to the extrapolations through the wet solid residues, and these, 
though only two in number, are taken to indicate that the compound is 
probably a pentaiodide containing one molecule of water, i.e., NH 4 I 5 -H 20 . 
If this conclusion is correct, the compound is closely analogous to 
the hydrated higher polyiodide of potassium, KIi^HaO, reported by 

(rracA 
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F. Tnierp^ated imaKerfmd$ 

Attention should be called to the fact (see the J&necke projection) that 
the liqiiidus surfaces in tiie ice and NH4]b*3HiO fields are comparatively 


TABLE 7 

CryataUiuMon pcUhi in NH Ji JMd 


nmno. 


TmaWMATWM 

wad 

X 




•0. 

1 

36.6 

62.4 



36.6 

48.8 

25.0 


36.8 

44.6 

4.6 

2 

34.8 

61.0 



34.6 

48.3 

6.0 

3 

33.3 

65.3 



32.4 

51.6 

6.8 

4 


66.2 



30.8 

64.1 

7.0 

3 

30.0 

67.6 



29.2 

66.6 

6.6 

6 

28.6 

61.4 



26.9 

61.0 

5.0 

7 

27.0 

63.0 



26.9 

63.0 

3.6 

8 

27.2 

64.8 



25.9 

64.7 

20.4 


25.0 

64.6 

2.4 

9 

26.0 

67.0 



24.0 

67.3 

7.4 

10 

24,0 

69.0 



22.8 

60.6 

12.3 

11 

24.2 

70,4 



22.0 

71,6 



fiat in req>ect to the temperature axis (tiie other fitids are ste^). Accord* 
in^y, it was thou^t vro^while to locate at teast whh a moderate depee 
of accuracy, a number ei contour isothmoids in theae two fiekia. This 
was done by carrying out sevend speehd thermal smveys^tiiB detaSs of 














TABLE 8 


CrytialHzaiion paths in the NH4lf3HtO field 


PATH HO. 

UQUIH 

TBMPaBATI 

NHJ 

I 


1 

34.60 

48.35 

•c. 

5.9 


36.02 

44.40 

4.4 


38.40 

37.50 

2.0 

2 

42.13 

25.32 

-2.6 


44.41 

19.11 

-5.6 


45.67 

15.18 

-8.4 

3 

34.45 

44.26 

3.9 


35.40 

40.82 

2.4 


36.62 

34.83 

0.2 

(Wet solid. 1 

33.60 

48.50) 


4 

83.03 

43.02 

2.4 


33.40 

38.47 

0.2 


34.20 

29.46 

-^3,1 


34.88 

19.38 

-8.4 


35.48 

18.83 

-12.1 

5 

31.30 

50.45 

4.8 


30.58 

47.50 

2.4 

6 

27.87 

57.44 

. 4.9 


26.80 

58.00 

2.7 


26.76 

58.50 

0.4 

7 

26.40 

58.35 

2.3 


25.43 

58.75 

0.2 

(Wet solid. 

30.00 

56.60) 


8 

25.36 

58.90 

0.1 

(W«t Kdid. 

29.24 

56.80) 


9 

26.00 

61.70 

3.3 

I 

24.70 

68.40 

1.8 
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which need not be given—and oombiiung the remits with tbe data already 
available from tables 5 and 8. The final data for the various isothennsds 
are collected in table 10; figure 8 shows the isothermals themselves. 

The isothermals in the ice field are especially interesting, for if one takes 
a point on the ice-ammonium iodide side of the field and from it moves 
along the tie line leading to the iodine apex of the triangular diagram, one 
finds that the temperature nses. This means, of course, that iodine raites 


TABLE » 

Indirect analytit in the pentaiodide field 


BUBVST MO. 

UQUIO* 

WMT SOUO 

NfiJ 

I 

NHJ 

1 

1 

24.45 

66.30 




24.73 

65.02 

23.46 

69.35 

2 

24.18 

65.01 

23.39 

68.80 

3 

23.58 

66.93 




23.92 

65.40 




* Temperatures not recorded in this field. 



the freerang point of a solution of ammonium iodide in water. This eleva¬ 
tion of the freezing pmnt was observed almost fifty years ago by LeBlanc 
and Noyes (13; c/. also 14) (not wilb ammonium i^de solutions but with 
potassium iodide solutions, which behave similarly); and Ute fact that the 
freeing point was not lowered as expected was explained, it will be remem¬ 
bered, by postulating the formation of Is~ i^ns in tite solution. 

figure 8 also contains the isothmooals in tiie fidd of the trihydrated 
ti&)dule, exc^t tiiat a diort section of the -8^. isotbenoal near the 
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TABLE 10 


Interpolated ieothemuiU 


TaMPBBATUBB 

ICB riBLD 

NHili- 3HsO FIBLD 

NHa 

I 

NHJ 

I 

•c. 





-24 

51.6 

0 

54.4 

5.6 


48.8 

6.6 

48.8 

5.6 

-20 

46.4 

0 

54.6 

7.1 


43.6 

7.1 

43.6 

7.1 

-16 

40.7 

0 

64.6 

9.5 


38.0 

9.8 

38.0 

9.8 

-12 

34.0 

0 

54.0 

12.0 


32.8 

7.2 

46.8 



31.6 

13.8 

35.4 

13.1 




31.8 

13.8 

-8 

25.8 

0 

52.8 

16.1 


24.5 


45.5 

15.6 


« 23.8 


34.9 



24.0 


24.0 

33.5 

-4 

15.0 

0 

50.2 

22.3 


14.8 

7.0 

43.3 



15.0 

15.0 

38.9 

24.5 




34.2 

28.3 




25.6 

44.7 




23.8 

60.2 

0 

0 

0 

45.3 

31.8 




40.4 





33.5 

37.7 




29.0 

44.7 




27,6 

48.1 




25.6 

58.7 




24.0 

65.2 

4 



38.1 

42.5 




36.6 





32.8 

’ 46.6 




31.1 

49.5 




29.6 

51.5 




27.6 

67.7 




26.3 

62.6 


eutectic L (—8.3°C.) has been omitted because it cannot be shown satis¬ 
factorily in the drawing. The approximate position of the 2S‘C. iso- 
thermid has also been included; likewise the isothermal at O^C. 














BRiooB, 


It is apparent fitan the ^agnuir' (figtue^S) that Miss Alrich’s 0°C. iso- 
thermal is quite different frcah thfeene obtained in the pdyth^naai study. 
It is now evidmrt that she Aould have obtained the anhydrous toiiodide 
along only a very short pcnrti<m of the isothermal near the invariant C, 
that rire should have found the hydrated tdiodide along an mrtensive and 
strongly curving int^mediate portion, and that she should have just 
missed the pmtaiodide, in all probability. Actually, she missed the 
hydrated triiodide entirely. 



However, if one recalls the trouble experienced in getting the hy¬ 
drated triiodide to form even at — 15**C., and the similar difficulty 
which confronted the polythermal work until inoculation was used, it 
is easy to see that Miss Alrich was dealing with metastable systems 
in the polyiodide region. The diagram shows dearly {tf. figure 8} that, 
allowing for small experimental discrepancies, the position of her isothermal 
is what it should be on tire assumption of an extreme lag in the formation 
of the hydrated triiodide and littie or no lag in tiie formation of the an¬ 
hydrous triiodide or of the pentahydrate, an assumptirm which has plmrty 
of erqieiimental facts to support it. The 0^. isotbennal is not incorrect, 
but it does not icfwesent the statue system. 

Bsfore this pi^per is oonduded, the narious pdyiodides hf $mmoaSxtm 
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which are formed in the presence of water will be compared briefly with 
those formed by the alkali metals. The work already accomplished in 
this laboratory and elsewhere, while in no single instance so complete as is 
the present study of the ammonium system, nevertheless indicates fairly 
conclusively that cesium and rubidium* form only unhydrated polyiodides. 
These are Csl*, C 8 I 4 , and Rbl*, respectively. On the other hand, potas¬ 
sium and sodium—and undoubtedly also lithium, which however has not 
been studied ssrstematically—seem to form only hydrated polyiodides. 
In the case of potassium, for example, Grace has reported the compounds 
KlfHiO and KIt^HjO, and in a polythermal study now approaching 
completion in this laboratory, two additional solid forms have been dis¬ 
covered. Both of these new pol 3 riodides are hydrated solids, and one is 
definitely known to be KIs*2HiO. The system containing sodium iodide 
is also being investigated; and in this sjrstem three curiously complex and 
strongly hydrated polyiodides have been found. The ammonium system 
is the only one giving both hydrated and unhydrated polyiodides; it is 
therefore the intermediate case in the series cesium, rubichxim, ammonium, 
potassium, sodium, and lithium. 

SUBIMART 

The more importtmt results of this paper may be summarized as follows: 

1 . The temperature-composition diagram of the ternary system am¬ 
monium iodide-iodine-water has been completed. The diagram is 
restricted to solid-liquid systems in air at approximately normal pr^ure. 

2. The solid phases are ice, NHJ, iodine, NHil*, NHJcSHsO, and 

probably a pentuodide having the formula Each of the 

polyiodide fields is incongruent. 

3. Pure solid NHJt melts incongruently at 175**C., decomposdng into 
binary liquid and solid NHJ. Pure solid NH 4 li’ 3 HjO melts incongru¬ 
ently at 7.0®C., decomposing into ternary liquid and solid NH 4 l». The 
pure solid pentaiodide melts incongruently at 9.8®C., giving ternary liquid, 
solid NH4I, and solid iodine. 

4. A convenient graphical method of predicting the separation of solid 
phases along field boundaries has been described and applied to the general 
probl«n of crystallization from ternary melts. 

5. The problem of suspended transformation has been considered. 
Of the three polyiodides, the trihydrated triiodide is by far the slowest to 
form. 

6 . As r^sards its tendency to form hydrated polyiodides, ammonium is 

' Unpabliahed isothernuU studies carried out in this laboratory show that Rbit 
(anhydrous) is the only solid polyiodide in the system rubidium iodide-iodine-water 
atO^aadSC'C. 
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‘ the intermediate caee in the aeries ce^nm, rubidium, ammonium, potas* 
slum, sodium, and lithium. 

7. The polythermal diagram shown in this paper is the first for any 
ternary polyhalide system. 
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POLYIODIDES OF POTASSIUM. II 

The Ternary System Potassium Iodide-Iodine-Watbr 

T. R. BRIGGS, K, D. G. CLACK, K. H. BALLARD, and 
W. A. SASSAMAN 

Department of Chemistry, Cornell University^ Ithacaf New York 
Received July 84 ,1999 

The present paper—a companion to the one published several years ago 
on the binary system potassium iodide and iodine (3)—describe an iso* 
thmnal and polythermal plume rule study of the intern potassium iodide- 
iodine-water. This study, which has been in progress for several years, 
consists of two preliminary isothermal surveys—one at 26®C. by Mr. 
Sassammi and another at O^C. by Mr. Ballard—followed by a much more 
detailed polythermal surv^ carried out for the most part by Mr. Qaek, 
who employ^ the procedure already desoliObed in the paper mi the system 
anMponfam iodide-iodine-water (3). The investigation in all instances 
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was confined to solid-liquid systems in air under approximately normal 
pressure. 


PART I. ISOTHERMAL STUDIES 

In conformity with the procedure adopted in the case of the ammonium 
iodide system, the isothermal studies were essentially exploratory in nature 
and preceded the work on the polythermal phase diagram. The experi¬ 
mental procedure has been described in the paper on the system cesium 
iodide-iodine-water (4). 


The 8S°C. isothermal 

It will be recalled that as early as 1908 Foote and Chalker (9) made a 
brief phase rule investigation of the ternary system at 25“C. and reported 
finding three invariant solutions, saturated respectively with KI-KIs, 
KIi-KIt, and KIr-iodine. In 1911, however. Parsons and Whittemore 
(15), who published what was long accepted as being a sufficiently com¬ 
plete determination of the whole isothermal at 25®C. and who employed 
the Schreinemakers-Bancroft method of indirect analysis, failed to confirm 
the findings of Foote and Chalker, locating only one invariant solution, 
apparently saturated with potassium iodide and iodine. Parsons and 
Whittemore concluded, accordingly, that Foote and Chalker’s polyiodides 
were non-existent, and this conclumon later (1930) received what seemed 
to be additional support from the work of Briggs and Geigle on the binary 
S 3 r 8 tem potassium iodide and iodine, where it was demonstrated that no 
polyiodides—not even Kl|—separated from the anhydrous melts. 

In 1931, however, the whole subject was reopened by Grace ( 10 ), who 
again took up the problem after pointing out that Parsons and Whitte¬ 
more had not, as a matter of fact, made a sufficient number of solubility 
determinations in the critical region covering the Foote and Chalker 
invariants. Grace accordingly made a more careful study in that region, 
and, employing various phase rule procedures, concluded that three in¬ 
variant solutions were really present in the ternary system at 25®C., as 
Foote and Chalker had claimed, but that these were saturated respectively 
with KI-KI,.H,0, KIi HiO-KIt HA and KIj-HsO-iodine in place of 
the unsolvated polyiodides assumed by Foote and Chalker. He then went 
on to suggest that although the polyiodides KI| and KI 7 do not exist as 
stable solids, they nevertheless can be formed in the presence of certain 
solvents in the form of solvated ternary compounds (c/. 8,11,14, 5). 

However, a critical examination of Grace’s extrapolation data, on which 
in part he based his formulas for the two polyioffides mentioned above, 
disclosed to us the fact—admitted by Grace himself—that these data were 
not satisfactorily convergent. Accordingly, we decided to b^;in the 
piesent work with a careful redetermination of the whole 25°C. isothermal. 
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TABLE 1 

Pota$$itm ioHdt-iodine-watar at tfC. 



1 uecno 

war 



•muLiro. 





aamuvoLATaa ftoua 

KZ 

1 

K1 

1 


1 

60.15 

0 




2 

se.oi 

6.59 

84.15 

2.46 


3 

46.56 

aa.re 

82.13 

8.97 


4 

36.95 

46.94 

76.74 

17.36 

KI 

5 

32.54 

57.05 


24.64 


6 

30.84 



21.48 


7 

30.12 

61.97 


30.90 


8 

9 

30.29 

29.86 

62.11 

62.45 

55.52 

39.99 

40.73 

54.84 

1 KI and K1. H.0 

AveragR . 

ao.Oi 

30.03 

62.2i 




10 

63.02 

36.99 

58.66 


11 

29.12 

63.80 

35.26 

59.62 


12 

28.90 

64.18 


59.29 

KIrHiO 

13 

28.50 

64.51 

36.50 

58.96 


14 

27.33 

66.42 

35.58 



15 

27.31 

66.41 

28.88 

67.66 


16 

17 

27.24 

27.22 

66.47 

66.64 

26.77 

20.94 

60.89 

76.90 

^ KIb HiO and Kh Kfi 

18 

27.19 

66.53 

22.39 

MEEm 


Average. 

27.24 

66.5i 








19 

26.98 

66.57 


75.98 


20 

26.67 

66.83 

21.89 

73.92 


21 

26.22 

67.31 

20.62 

75.98 

^ KIt H^ 

22 

25.96 

67.53 

19.67 

77.16 

23 

25.80 

67.71 


76.86 


24 

25.75 

67.80 

19.27 

77.65 


25 

25.72 

67.74 

16.11 

■Bl 


26 

25.58 

67.88 

8.46 

89.87 

' KIt'HiO and iodine 

27 

25.61 

67.67 


81.67 


Average.. 

25.64 

67.7. 








28 

25.57 

67.68 

9.63 

87.94 


29 

25.28 

67.26 

10.«t 

86.29 


30 

25.01 

66.94 

8.70 

88.07 


31 

24.89 

67.03 

6.71 

88.42 

^ Iodine 

32 

19.13 

26.87 

2.35 

91.84 


33 

10.87 

10.49 

1.81 

89.68 


34 

2.09 

1.62 
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for at the time we were admittedly prejudiced in favor of the work of 
Parsons and Whittemore, though recognizing its deficiencies. The 
redetermination resulted in a complete confirmation of Grace^s main con¬ 
clusions. 

The data—compositions given in percentages by weight—appear in 
table 1 and the isothermal is shown in figure 1. For obvious reasons it 
is possible to show on this diagram only a few of the data in the region of 
the polyiodides; instead these are shown in figure 2, which gives the details 



Fig. 1. Isothermals 

of the Schreinemakers-Bancroft extrapolations in the latter region. The 
isothermal in figure 1 also shows the data of Parsons and Whittemore with 
the exception of their serial Nos. 8, 9 and 18,—the last being the supposed 
KHodine invariant. 

It is evident from the second diagram that the extrapolation method is 
beset with diflEiculties because of the shortness of the polyiodide solubility 
curves and their general position in respect to the respective polyiodide 
compositions. Nevertheless, the extrapolations are reasonably conclu¬ 
sive,—eq>ecially as regards the first polyiodide (compound B in figure 1), 
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where the tie lines indicate convergence at about the pdnt (58.0 per cent 
iodine and 37.9 per cent potasnum iodide) which corresponds to the 
fonnula Klt-HiO. 

The other polyiodide (compound C in figure 1) was still more difficult 
to identify by the method. Only a narrow and slightly convergent band 

tie lin^ was obtained; but this band definitely passes through the point 
(80.5 per cent iodine and 17.6 per cent potassium iodide) corresponding to 
the formula KIt-HiO. It also passes not far from the point (see figure 1) 
representing the anhydrous polyiodide KI», but there seems to be little 
reason for giving this possibility serious consideration. It is fairly certain 



Fig. 2 . Extrapolatioiu in the region of the polyiodides at 26*0. 

that the compound is the monohydrate of Kir, in agreement with the work 
of Grace. 

The various determinations of the invariant compositions have been 
assembled in table 2. The g^eral agreement between Grace’s determina¬ 
tions and those of Sassaman is good, except peihaps in the case of the 
invariant saturated with KIt • HiO-iodine. It may seem strange, however, 
to find invariants by Parsons and Whittemore included in the table—this 
of course is done only tentatively—^in view of the unckmbted reality of 
Grace’s polyiodides. The vidue astigned to PanKnis and Whittemore for 
the Kl-EIi-H«0 invariant is the composition of the liquid phase hi their 
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serial No. 8 . The wet solid residue in equilibrium with this solution was 
reported to contain 56.1 per cent iodine and 40.0 per cent potassium iodide, 
giving a tie line that did not pass as expected to the potassium iodide apex 
of their triangular diagram, but did intersect the potassium iodide-iodine 
side of the diagram between KI and KIj. Parsons and Whittemore appear 
to have considered this determination erroneous—i.e., not representing a 
mixture in equilibrium—since the tie line for their serial No. 9 (which con¬ 
tained more iodine than No. 8 ) did pass to the potassium iodide apex. 
They therefore ignored No. 8 ; whereas it is possible that it was correct and 
was actually the invariant between KI and KIa H* 0 . Note that the 
composition of the liquid phase is fairly close to the invariant composition 
as determined by Grace and by Sassaman, and much closer than the 
determination by Foote and Chalker. 


TABLE 2 

Invariant solutions at B6^C. 


•ouRca 

aOLlDft 

KI 

1 

Foote and Chalker . 

KlandKIiHiO 

29.2 

64.1 

Grace. 


30.3 

1 62.0 

Sassaman (table 1). 


30.1 

62.3 

Parsons and Whittemore (?). 


29.7 

62.8 

Foote and Chalker. 

KIrH,0andKl7H,0 

27.1 

66.8 

Grace. 


27.3 

66.1 

Sassaman (table 1). 


27.2 

66.5 

Foote and Chalker. 

KIt'HsO and iodine 

25.7 

68.9 

Grace. 


26.1 

68.0 

Sassaman (table 1}. 


25,6 

67.8 

Parsons and Whittemore (?). 


26.0 

68.1 


The second invariant (KlT-HjO-iodine) ascribed tentatively to Parsons 
and Whittemore in table 2 is their serial No. 18. They supposed this to be 
saturated with potassium iodide and iodine; if this were true it would 
have had to be metastable in accordance with what we now know about 
the system. In proving that it was really an invariant, Parsons and 
Whittemore made only two independent analyses of wet solid residues, 
obtaining one tie line which passed through the iodine apex—in itself 
proving little—and a second which intersected the potassium iodide- 
iodine side of the triangular diagram, be it noted, between KI 7 and iodine. 
It is therefore quite possible that the invariant was really saturated with 
iodine and the hydral^ heptaiodide instead of iodine and potassium iodide; 
note also the go^ agreement with Sassaman’s and Grace’s determinations, 
especially with that of Grace. 
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The "CPC. ieMmnid 

Mr. BaUanl’s data are collected in table 3. The isothermal is shown in 
figure 1 and the details of the extrapolations appear in figure 3, plotted with 

TABLES 

PotoMium iadide^4odme--waier at O'^C, 



1 UOVtD 

1 WBTSOUD 


MKALVO, 





wamM»ohM,TmD boud 


KZ 

1 

KI 

I 

1 

55.86 

0 




2 

51.43 

10.21 

78.17 

4.42 


3 

46.01 

28.10 

71.40 

12.09 


4 

40.34 

35.23 

68.78 

18.36 

KI 

5 

35.96 

45.62 

59.07 

29.05 


6 

35.20 

47.60 

59.05 

30.30 


7 

34.92 

48.62 

65.97 

32.75 


8 

35.04 

48.83 

43.08 

46.31 


9 

10 

34.86 

34.49 

48.92 

48.93 

42.17 

41.57 

47.37 

47.66 

> KI and KI«-2HsO 

11 

34.86 

48.36 

36.35 

50.98 


Average. 

34.8t 

34.27 

48.7t 

49.39 




12 

36.01 

54.12 


13 

33.51 

60.75 

34.91 

53.03 


14 

32.77 

52.12 

34.10 

53.29 


16 

16 

31.64 

30.63 

53.77 

55.58 

33.33 

34.76 

54.58 

65.71 

KI*-2H,0 

17 

29.60 

67.18 1 

32.03 

56.61 


18 

28.95 

58.32 

32.01 

57.31 


16 

28.20 

59.60 

36.27 

56.31 


20 

27.78 

60.26 

30.82 

59.81 


21 

27.76 

60.40 

32.81 

60.24 


22 

23 

27.62 

27.40 

60.43 

60.30 

29.20 

25.69 

64.21 

66.48 

» KIi*2HiO and iodine 

24 

27.37 

60.42 

22.79 

69.71 


25 

27.44 

60.25 

14.11 

79.75 


Average. 

27.5f 

60.34 








26 

27.09 

58.76 

11.04 

82.77 


27 

27.19 

56.79 

13.53 

78.58 


28 

26.63 

52.99 

13.58 

76.53 


29 

25.36 

42.28 

9.05 

79.10 

' Iodine 

30 

21.84 

29.56 

6.57 

81.98 


31 

18.40 

21.12 




32 

13.22 

13.39 





rectangular cofirdinates. The extrapolations are definitely conclusive; 
ooBvergmxce in the pcdyiodide field occurs dose to the point (55.7 per omit 
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iodine and 36.4 per cent potassium iodide) which corresponds to the 
formula KI 8 - 2 H 30 (compound A in figure 1). The solid is certainly a 
dihydrated form of KI 3 , a compound hitherto unreported in the literature. 
It is congruently soluble at this temperature. 

PART II. THE POLYTHBRMAL SYSTEM 

A. The binary systems 

The system iodine-water has been discussed in the paper on the ternary 
ammonium iodide system (2) and the diagram (in mole percentages, how¬ 
ever) for the system potassium iodide-iodine will be found in the paper by 



Fici. 3. Extrapolations in the region of the polyiodide at 0®C. 


Briggs and Geigle (3). In the latter system, the solid phases separating 
above the eutectic (80.8°C. and 15.7 per cent potassium iodide by weight) 
are potassium iodide and iodine, and no indication was found of the two 
liquid layer system which Fialkow (7) recently claimed to have observed 
just above the eutectic. 

Complete data for the system potassium iodide-water are available 
(12). For the sake of convenience, the data needed in the present work 
have been assembled in table 4. According to the table, the eutectic be¬ 
tween ice and potassium iodide lies at — 23.02®C. and 52.2 per cent potas¬ 
sium iodide, but de Coppet's (6) temperature is -22.65®C., which is 
more consistent with the temperatures observed in the present investi¬ 
gation. 



358 


BSIOOS, CLACK, BALLABD AND SA88AMAN 


B. Procedure 

The procedure was essentially the same as that described in the paper on 
the ternary ammonium iodide system (2). The cooling curves were obtained 
with extreme care, and inoculation with solid was employed throughout. 
Owing to the complexity of the system, the interpretation of many of the 
cooling curves was not easy and required constant use of the principles 
determining (uystallization from ternary melts, of which principles a 
r^um4 will be found in the paper on the ternary ammonium iodide system 
(2). The phenomenon of departure from a field boundary line during 
cooling was very often observed and had to be given careful consideration. 


TABLE 4 

The binary system potassium iodide-^water 


TaifPSRATDBB 

K1 

TBItPBBATCTBB 

KI 

Ice and solution 

KI and solution 

•C. 

pwemt 

•C. 

peremt 

-1.69 

7.66 

-20.0 

62.75 

-3.37 

14.2 

-16.0 

63.6 

-6.0 

ca. 20.3 

-10.0 

54.5 

-6.80 

25.0 

-6.0 

65.3 

-10.0 

ca, 32.6 

0 

66.2 

-10.36 

83.25 

5.0 

66.9 

-16.0 

ca. 41.6 

10.0 

67.6 

-17.6 

45.36 

16.0 

68.2 

-20.0 

ca. 48.8 

20.0 

68.8 

-23.02 E 

62.2 

25.0 

69.6 



30.0 

60.3 

From International 

Critical Tables 4, 

40.0 

61.3 

pp. 239, 259. 


100 

67.4 


C. The ternary dtagram 

The temperature-composition data which were obtained from the 
cooling curves and from the analyses of the satiu*ated liquid have been 
collected in table 5. Most of the data were obtained by Mr. Clack, but 
some additional measurements were made later—and entirely independ¬ 
ently—^by Messrs. J. L. Eaton and S. S. Hubard, to whom the authors are 
deeply indebted. In table 5, the serial numbers which represent deter¬ 
minations by Eaton and Hubard, respectively, are indicated by the letters 
E and H. 

The triangular projection diagram is shown in figure 4, while figure 5 
is an enlarged portion of the same diagram. Figure 6 shows the inter¬ 
esting part of the J&necke projection on the potasnum iodide-iodine plane. 
Most of the actual analyses appear as separate points in figures 5 and 6, 









TABLE 5 


Temperature-composition data 


BBBIAL MO. 

POBmOM ON 

TBMPBBATUBB 

LIQUID 


DIAOBAM 

I 

KI 

1 

AB 

•c. 

-22.7 

8.77 

48.42 

2 

AB 

-23.0 

15.62 

45.99 

3 

AB 

-23.3 

16.63 

45.43 

4 

B 

-23.6 

19.36 

44.15 

5 

B 

-23.6 

19.62 

44.08 

6 

B 

-23.6 

19.47 

44.16 

7 

B 

-23.7 

19.39 

44.11 

8 

BC 

-17.6 

26.90 

41.49 

9 

BC 

-12.1 

35.14 

39.09 

10 

BC 

-5.6 

42.96 

36.66 

11 

C 

1.2 

48.81 

34.96 

12 £ 

C 

0.4 

48.55 

35.00 

13 

CD 

6.7 

51.83 

34.19 

14 E 

CD 

7.0 

52.35 

1 34.05 

15 H 

CD 

9.0 

53.88 

33.34 

16 

D 

12.3 

54.88 

32.78 

17 

DE 

15.2 

56.25 

32.47 

18 

DE 

18.2 

57.52 

31.84 

19 

DE 

20.0 

58.67 

31.51 

20 

DE 

21.5 

59.40 

31.19 

21 

DE 

23.9 

60.77 

30.60 

22 

DE 

26.1 

62.30 

29.71 

23 

DE 

28.5 

64.68 

28.50 

24 

DE 

28.6 

64.99 

28.17 

25 

E 

29.6 

67.19 

26.46 

26 

EF 

31.0 

67.49 

26.59 

27H 

EF 

34.3 

69.08 

25.69 

28 

EF 

37.3 

70.60 

24.54 

29 

F 

38.0 

70.93 

24.34 

30 

FG 

48.7 

73.99 

22.14 

31 

FG 

63.3 

78.21 

19.22 

32 

SL 

-1.5 

5.96 

7.41 

33 

SL 

-2.8 

9.87 

12.34 

34H 

SL 

-3.6 

15.57 

15.04 

35 

SL 

-5.9 

27.35 

21.26 

36E 

SL 

-8.0 

34.90 

23.75 

37 H 

SL 

-8.6 

37.34 

24.70 

38 

SL 

-12.4 

45.62 

26.97 

39 

SL 

-15.6 

49.12 

27.75 

40 

SL 

-18.6 

51.38 

28.45 

41 

SL 

-18.9 

51.51 

28.35 

42 

L 

-19.5 

51.38 

28.45 
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TA3LE Hr—Continued 


SBBlAli HO. 

poamoK ON 

TBMPIOIATOBX 

UQUZD 

OXAOBAM 


I 

KI 

43 

LK 

•a 

-16.8 

53.59 

28.51 

44 

LK 

-13.9 

55.30 

28.49 

45 

LK 

-10.0 

56.61 

28.36 

46 

LK 

-6.3 

58.32 j 

28.16 

47 

K 

-5.2 

58.83 

28.21 

48 

K 

-4.7 

58.93 

28.06 

49 

K 

-4.6 

59.08 

28.16 

50 

K? 

-4.0 

59.13 

28.06 

eiH 

K 

-5.0 

58.72 

28.25 

52 

KF 

-1.0 

60.06 

27.93 

53 

KF 

3.6 

61.24 

27.57 

54 

KF 

6.4 

61.71 

27.46 

55 

KF 

7.4 i 

62.49 

27.18 

56 

KF 

11.2 1 

63.54 

26.89 

57 

KF 

15.0 

64.57 

26.50 

58 

KF 

21.9 

66.03 

25.95 

59 

KF 

26.9 

67.74 

25.46 

60 

KF 

27.4 

67.80 

25.40 

61 

BL 

-23.2 

21.07 

43.17 

62 

BL 

-22.3 

24.24 

41.25 

63 

BL 

-20.2 

36.75 

34.47 

64 

BL 

-19.9 

38.08 

33.91 

65 

BL 

-19.6 

38.94 1 

33.42 

66 

BL 

-19.3 

44.68 

31.10 

67 

i 

BL 

-19.0 

44.92 

30.82 

68 E 

CJ 

0.4 

50.50 

33.95 

69 

CJ 

1.3? 

51.30 

33.63 

70H 

OJ 

1.0 

53.44 

32.43 

71 H 

CJ 

0.8 

53.25 

32.29 

72 

CJ 

1.0 

55.43 

31.05 

73 

CJ 

1.1 

57.27 

29.96 

74 

CJ 

1.0 

57.61 

29.71 

75 

CJ 

0.8 

57.41 

29.87 

76 

CJ 

0.8 

57.79 

29.85 

77 

CJ 

0.6 

59.45 

28.74 

78 

CJ 

0.5 

58.33 

29.59 

79 

CJ 

0.5 

58.71 

28.85 

80 

J 

0.4 

59.73 

28.53 

81 

J 

0.3 

59.87 

28.51 

82 

J 

0.3 

59.68 

28.42 

83 

DH 

10.8 

56.54 

31.53 

84 

DH 

9.4 

57.15 

31.57 

85 

DH 

9.0 

58.50 

30.38 
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TABLC S-'^oncludcd 


SSBXAL NO. 

POSITION ON 
DIAOBAM 

TBlfPSRArURN 

UQUXD 



1 

KI 

86 

DH 

“C. 

8.0 

58.37 

30.69 

87 

DH 

8.7 

57.17 

31.20 

88 

DH 

8.5 

57.60 

31.04 

80 

DH 

8.0 

58.46 

30.36 

00 

DH 

8.0 

58.29 

30.66 

01 

DH 

7.6 

58.82 

29.87 

02 

DH 

7.5 

58.50 

30.29 

03 

DH 

6.1 

50.31 

29.51 

04 

DH 

5.3 

59.85 

28.08 

05 

H 

3.0 

60.20 

28.40 

06 

KJ 

-3.1 

59.13 

28.20 

07 

KJ 

-0.7 

50.48 

28.33 

08 

KJ 

-0.4 

59.46 

28.20 

90 

KJ 

-0.4 

59.36 

28.43 

100 

JH 

1.9 

60.07 

28.30 

101 

JH 

2.1 

60.10 

28.40 

102 E 

HE 

5.0 

61.20 

28.31 

103 

HE 

15.1 

63.42 

27.90 

104 

HE 

21,5 

64.95 

27.40 

105 

HE 

29.5 

66.89 

26.63 



Fig. 4. Triangular projection diagram with contour isothermals up to 26®C. 
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and as many as possible in figure 4. The latter figure also shows the 
approximate position of a number of contour isothermals, beginning at 
26*C. and passing downward in 5®C. steps; parts of these isothermals are 
likewise shown in figure 5. They will be discussed later. 

The diagram is rather unusual. Although binary compounds are en¬ 
tirely absent, there are nevertheless no fewer than three ternary compounds 
—i.e., hydrated polyiodides—one of which—^i.e., the dihydrated triiodide— 
exists in two polymorphic forms. If we include the ice, potassium iodide, 
and iodine, there are thus no less than seven distinct solid phases. Of the 
seven different fields appearing in the diagram, DSHD is the field for 
KI3.H2O, KJHEFK the field for KI7H2O, BCJKLB the field for alpha- 
KI,.2H20, and CDHJC the field for beta-Kl8.2H20. The line CJ is 
apparently an isothermal transition boundary. Only two of the three- 
solid invariants—i.e,, B and L —are ternary eutectics, while there appears 
to be a definite though slight dystectic temperature maximum on the BL 
boundary at P. The evidence supporting the polyiodide formulas will 
be presented later in detail (some of this evidence has been given already 
in connection with the isothermal studies), but it is well to point out here 
that the direction of temperature fall along the several ternary boundary 
lines (see the Janecke projection) is experimentally in accord with the van 
Alkemade principle (1) applied on the basis of the formulas just given. 

The ternary boundary lines 

Both of the saturating solid phases separate positively along the bound¬ 
aries AB, BL, LK, KJ, JH, HE, FG and (probably) EF during cooling. 
Negative separation of one solid (see reference 2, page 12) occurs along the 
other boundaries,—i.e., iodine along KF and practically all of SL, po¬ 
tassium iodide along BC, CD, and DE, monohydrated Kla along DH, and 
the beta-form of the dihydrated KI* along the transition boundary CJ, 
The critical areas, within which departure from the last-named boundaries 
will take place during cooling, may be readily determined by the reader on 
the basis of the principles explained in the paper on the ternary ammonium 
iodide system (2). 

It was a comparatively easy matter to locate the first group of boundaries 
named in the last paragraph, since mixtures l3dng on either side of any one 
of these boundaries soon reached the boundary during cooling, and re¬ 
mained on it thereafter until an invariant arrest was obtained. It was 
only necessary, therefore, to note the boundary arrest on the cooling curve 
and to follow this with analyses of the liquid samples at appropriate tem¬ 
perature intervals. 

The other boundary lines were not so easily determined. Since it is 
necessary to have plenty of the liquid phase present for sampling after a 
boundary has been reached, the original composition of the mixture being 
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used for a survey should not be far removed, in general, from the boundary 
itself. In many cases, ther^ore, the original composition lay inside the 
critical area for the boundary and departure from the boundary took 
place at some point. Furthermore, these boundaries could be reached 
from one side only. 

One or two examples of what actually happened may not be out of place. 
A test mixture was made up witir extreme care to contain 65.5 per cent 
iodine, 25.5 per cent potasrium iodide, and 9.0 per cent water. This 
mixture lies just below the boimdary KF and within the critical area 
enclosed by KF and the straight lines drawn from K and F, respectively, to 
the point representing Kir • H 2 O. A graphical determination of the crystal¬ 
lization path with the aid of the phase diagram (figure 4) shows that the 
mixture should first give solid iodine on being cooled, then reach the KF 
boundary just below 15°C., then pass along the boundary towards K. 
At a point near 5°C., however, the path should leave the boimdary, pass 
across the Klr-HjO field (JHEFK), and arrive at the boundary JH at 
about 2*C. Thereafter, the path should reach J (first invariant arrest), 
then pass via JK and KL to L, the latter being the end point of crystal¬ 
lization. 

The actual cooling curve confirmed most of these predictions. There 
was a definite though slight first arrest at 22°C. (separation of iodine). 
This was followed by a marked arrest at 13.2®C. (KF boundary arrest). 
There was next a very slight change in the slope of the cooling curve at 
about 5.5“C., which was indicative of departure from the KF boundary. 
This was followed by a definite boundary arrest at 1.9®C. (arrival at JH), 
and finally this was succeeded by a long but sluggish invariant arrest a 
little below 0®C. This was undoubtedly the arrest at J, which we have 
found always to be difficult to keep from undercooling. The cooling curve 
was not carried much beyond this arrest. 

Further confirmation of these conclusions was obtained from three 
analyses of the liquid, made during the survey. The first (serial No. 55 
in table 5) taken at 6.4®C. gave a point on the boundary KF. The second 
(serial No. 101 in table 5) taken at 1.9®C. gave a point on JH as predicted. 
The third (serial No. 100 in table 5) taken at — 0.4®C. (temperature held 
constant for 15 min.) gave a point on JK. 

Another survey began with a mixture containing 56.5 per cent iodine, 
33.5 per cent potassium iodide, and 10.0 per cent water. At room tempera¬ 
ture it still contained solid potassium iodide. The total composition lies 
in the critical area enclosed by the boundary DE and the straight lines 
drawn from D and E, respectively, to KIs*H^. At the same time it also 
lies in a second critical area enclosed by the boundary DH and the lines 
drawn from D and H, respectively, to As a result, the crystal- 

lisaricm becomes extremely complex; it should by following the 
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tie line from potassium iodide until it reaches the boimdary DE; it should 
then proceed along DE toward D, leaving the boundary, however, and 
passing over to DH before D is reached. It should next move along DH 
in the direction of H; but before reaching H, it should leave DH and pass 
across the beta-KIa-211*0 field to the transition boundary CJ. The 
liquid cannot move along this boundary and must therefore remain at one 
point until the change to the alpha-form has been completed, after which 
it can pass across the alpha-KI*-21120 field to the boundary LK. 

The actual facts were as follows: The first arrest actually observed oc¬ 
curred at 17.5®C., the arrest on the DE boundary. This temperature 
agreed almost perfectly with the one predicted from the phase diagram. 
The next arrest occurred at 10®C., the point where the crystallization 
path met the boundary DH after leaving DE (the temperature at which 
departure took place was not apparent on the cooling curve). This 
temperature also agreed with the one predicted from the phase diagram. 
The third arrest which was observed was the long characteristic transition 
arrest on the CJ boundary, whereupon the survey was discontinued. 
Analyses of the liquid phase at the third arrest gave serial No. 76 in table 
5,—a point on the CJ boundary in almost the exact position required by 
the theoretical crystallization path. 

It is apparent from what has just been said that the boundaries DH 
and CJ were the most difficult to locate on the diagram, since many of the 
points on DH and all the points on CJ required different individual surveys. 
It was also not easy to determine the exact temperatures on CJ, the beta- 
alpha KI 1 - 2 H 2 O transition being rather sluggish and undercooling oc¬ 
curring easily. In the actual cooling curves, the CJ arrests rarely began 
above 0.3®C. and sometimes appeared 1 or 2®C. lower; but special experi¬ 
ments, made with a very small temperature differential between the test 
sample and the outside cooUng bath, led us to believe that the true tem¬ 
perature of the transition is not far from 1®C. 

When one reaches a point on the transition boundary CJ, a striking 
change in the solid phase begins at once to be apparent. Just above the 
boundary the liquid is freely mobile and appears to contain coarse gran¬ 
ular crystals,—of the beta-form of KI* - 2H*0. At the boundary, however, 
the alpha-modification separates in the form of fine interlocking needles, 
producing immediately a felt-like structure which tends to immobilize 
the liquid, so that it becomes a difficult matter to withdraw a sample for 
analysis. At no other position on the diagram was so characteristic a 
change observed. 

The invariant points 

The invariant points have been assembled in table 6 for the sake of 
convenience. The values shown have been adopted after a critical ex- 
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amination of all the data and have been checked with the aid of special 
graphs formed by plotting separately the iodine and potassium iodide 
values of table 5 against the temperature. The temperatures given in the 
table are believed to be correct to within at least 

The “melting points” of the pure polyiodides 

These are easily deduced from the phase diagram. All are incongruent. 
The hydrated heptaiodide melts at 38®C. (point F), where it decomposes 
into invariant liquid, solid potassium iodide, and solid iodine. In this 
connection it is interesting to note that this temperature—^i.e., 38®C.—was 
long ago stated by Wells and Wheeler (16) to be the melting point of their 

TABLE 6 


Invariant point* 


POSITION 

ON 

TaMPSHATOBB 

UQUID 

BOUD PHASBS 

DIAGRAM 

I 

K1 

A 

•c. 

-22.7 ! 

0 

52.2 

Ice and KI 

s 

0 ! 

Trace 

0 

Ice and iodine 

G 

80.8 

85.3 

14.7 

KI and iodine 

B 

-23.7 

44.1 

19.4 

Ice, a-KIi'2Aq, and KI 

C 

ca, 1.0 

48.7 

35.0 

KI, a-KIr2Aq, and ^-KIr2Aq 

D 

12.3 

54.9 

32.8 

KI, KIrAq, and/8-KIi-2Aq 

E 

30.0 

67.4 

26.5 

KIi Aq, KI, and Kl7*H,0 

F 

38.0 

70.9 

24.4 

Kl 7 *Aq, KI, and iodine 

H 

3.0 

1 60.3 

28.5 

i3-KIi-2Aq, KIi'Aq, and KI?*Aq 

J 

ca, 1.0 

59.8 

28.4 

a-KIr2Aq, /3-KIi*2Aq, and 

K 

-4.9 

59.0 

28.2 

KlrAq 

a*KIi*2Aq, KIr’Aq, and iodine 

L 

-19.6 

51.5 

28.5 

Ice, a-KIi*2Aq, and iodine 


“potassium triiodide.” Since they give no analyses of their compound, 
it is not impossible that they really had the hydrated heptaiodide. 

The monohydrated triiodide melts at 30®C.‘ (point E), where it decom¬ 
poses into invariant liquid, solid potassium iodide, and solid hydrated 
heptaiodide. The beta-form of the dihydrated triiodide also melts in- 
congruently,—at 12.3°C. (point D), where it decomposes into invariant 
solution, solid potassium iodide, and solid KIs'HiO. When the alpha- 
modification of the dihydrated triiodide is heated, it of course changes to 
the betarform at about l^C., a point on the CJ boundary. None of these 
predictions has been tested by direct experiment, owing to the difficulty 
of obtaining the respective polyiodides free from adhering liquid. 

* Grace (J. Phys. Chem. S7,347 (1933)) states that the compound KIi-HiO melts 
at 8l’C. 
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TABLE 7 
Indirect analysis 


•UBYST MO. 

tlQVW 


I 

KI 


For KI, H,0 





•C. 

1 

67.70 

32.02 



57.60 

31.04 

8.5 

2 

69.74 

30.61 



69.93 

29.87 

9.7 


60.06 

29.25 

5.9 

3 

61.20 

30.61 



61.87 

28.65 

11.0 

For 

1 

55.46 

31.93 j 



65.36 

31.08 

1.2 


65.43 

31.05 

1.0 

2 

57.65 

31.06 


* 

68.04 

29.65 

1.3 

3 

66.60 

32.25 



66.65 

31.02 


For KIt HiO 

1 

66.06 

24.94 



60.80 

27.78 

2.5 


69.91 

28.20 

0.1 

2 

66.62 

25.21 



62.12 

27.66 

9.3 


61.40 

28.25 

6.7 

3 

69.0* 

24.6* 



63.42 

27.90 

16.1 

For a-KIi-2H,0 

1 

1 51.51 

! 33.77 



49.72 

32.62 

-6 

SoUd. 

53.36 

34.90 

-6 

2 

53.40 

32.12 



52.46 

30.38 

--10 

Solid. 

64.38 

33.90 

-10 


* Total composition of mixture as prepared. 
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TABLE l—CmuHvdtd 



1 UQOID 1 


murmr ho. 



THMPHBATUBa 


I 




For a-KIa • 2Hi(}—Cont. 





•c. 

3 

54.34 

32.15 



53.95 

30.31 

-7 

Solid. 

54.90 

34.19 1 

-7 

4 

55.62 

32.30 



55.67 

31.05 

-3 


55.66 

29.83 

Not determined 

Solid. 

55.42 

33.75 

Not determined 

5 

56.83 

30.48 



56.49 

29.33 

-4 

Solid. 

55.92 

33.33 

-4 

6 

57.36 

29.76 



57.63 

28.62 

-5 

Solid. 

56.45 

32.81 

-5 


D. The indirect analysis of the solid potyiodides 

The data on the indirect analysis of the various poljriodide phases—as 
obtained in the polsrthermal study—have been collected in table 7. Ex¬ 
cept as indicated in the table, the composition data refer to the liquid 
phase. The method of non-isothermal crystallization paths was relied 
upon exclusively for the first three solid phases,—i.e., KI|-HiO in field 
DEHD, beta-KI,.2H,0 in field CDHJC, and KIt-HjO in field KJHEFK. 
The extrapolations are shown in figure 7. The results confirm the iso¬ 
thermal studies. 

The details of the identification of the alpha-modification of KIg >21120 
are shown in figure 8. The crystallization paths in this case were sup¬ 
plemented with analyses of the wet solid residues, as indicated in table 7. 
The individual surveys shown in figure 8 are numbered to conform with 
tire table. 

As a matter of fact, the chemical identification of the alpha-modification 
of the dihydrated triiodide caused much trouble. At the beginning of the 
work on this solid Mr. Clack obtained a short crystallization path (in the 
field below CJ not far from survey 5 in figure 8) that pointed directly to 
the formula Klg-SHgO, and another (nemr survey 2) that pointed between 
the latter and EIg.2H20. Believkv; that there was really a very slight 
temperature maximum (i.e., dystectic) on the boundary CJ, he therefore 
concluded, for the time bdng at least, that the solid was the trihydrated 
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Fig. 8. Identification of the alpha-modification of KIs-21120 



370 


BRIGQS, CLACK, BALLARD AND SAS6AMAN 


triiodide,—^that is to say, the potassium analog of the compound NH^Ir 
*3H20 found in the ammonium iodide system (2). He made no analyses 
of the wet solid residues, and as he was unable to complete the study in the 
time which remained at his disposal, the work was later continued by the 
senior author with the assistance of Mr. Eaton. Their data appear in 
table 7. The temperatures shown are only approximate. 

The final separation of liquid and wet solid was accomplished by means 
of a special technique, made necessary because of the peculiar physical 
characteristics of the solid below the transition boundary CJ. The mix¬ 
tures were cooled in a narrow tube and the felt-like mass of crystals was 
squeezed to the bottom of the tube by means of a closely fitting perforated 
platinum disc on the end of a plunger, previously brought to the proper 
temperature. By this procedure, most of the liquid phase could be easily 
removed through a filter tube. The solid residue was then further dried 
by pressing filter paper against the perforated metal plate. The procedure 
furnished a generous supply of fairly dry solid and avoided direct contact 
between the latter and the paper. 

The results of the work—as plotted in figure 8—^point definitely to the 
formula KI 3 - 2 H 20 and not to Kl8*3HsO, though it is admitted that longer 
crystallization paths would have been desirable as well as paths on the 
other side of the KIs-water tie line. However, the following special ex¬ 
periment seems to settle the question in favor of the dihydrate formula: 

A homogeneous solution represented by point x in figure 8 was prepared 
and analyzed. A consideration of the theoretical crystallization path of 
this mixture on the phase diagram shows that it should give a third arrest 
at y if the solid between CJ and LK is Kl3»2H20, but at z if the solid is 
KIa«3H20. By interpolation of the boundary data (table 5), ^ is found to 
be at — 8®C., z at — 5®C. Such a large difference should be easy to detect 
experimentally. 

Two cooling curves were run with the mixture; three arrests were ob¬ 
tained as expected, the second being without question the characteristic 
arrest on the CJ boundary. The third arrest appeared at — 8.0®C. in 
the first run and at — 8.8®C. in the second where there was probably a 
little more undercooling. These results point conclusively to the dihydrate 
formula. 


E. Interpolated isothermah 

The isothermal contour lines shown in figures 4 and 5 were not located 
with the precision which was employed in the case of the ternary am¬ 
monium iodide system (2). The procedure actually followed was to 
determine by interpolation the desired points on the various boundary 
curves and to make the best guess possible concerning the rest. It seems 
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quite certain, however, that the shape and position of the contour lines 
are substantially correct as shown on the diagrams. Note that in the ice 
field (cf. figure 4) the isothermals as drawn meet the condition that iodine 
raises the freezing points of potassium iodide solutions {cf. 13). 

In concluding this paper, a few words will be said about the invariants 
interpolated on the phase diagram at 0® and 25®C., respectively, as com¬ 
pared with those found independently in the preliminary isothermal sur¬ 
veys. The comparison at 25®C. follows. 


ZMVABXAMT (26*C.) 

INTXRPOLATSD 

MOTHBBMAL 

I 

KI 

I 

KI 

KI~K1,.H,0. 

61.7 

30.1 

62.3 

30.1 

KlrHtO-KlT-HjO . . . 

66.1 

27.1 

66.5 

27.2 

Kl7*H20“iodirie . .. . . 

67.3 

26.6 

67.8 

25.6 


It is, however, not so simple a matter to compare the invariants inter¬ 
polated at 0°C. with those found in the isothermal study. For if one looks 
closely at the interpolated 0°C. contour lines in figures 4 and 5, it will be 
seen that the latter are not exactly like the isothermal in figures 1 and 3. 
The interpolated isothermal cuts across a small portion of the heptaiodide 
field, giving three invariant solutions instead of the two shown in the 
isothermal diagrams. The comparison, as far as it can be made, follows. 


UrVABIAMT ((TO.) 

INTBRPOLATBD 

ZBOTHBBMAL 

I 

KI 

I 

KI 

KI-KIr2H,0. 

48.2 

35.1 

48.8 

34.8 

KI,-2H,a-KIrH*0. 

59.8 1 

28.4 

Missing 

KlT-H^O-iodine . 

60.4 

27.8 

Missing 


The second invariant obtained in the isothermal studies at 0®C. {cf. 
figure 3) contained 60.3 per cent iodine and 27.6 per cent potassium iodide. 
The close agreement with the third interpolated invariant in the table 
just presented suggests that the two are one and the same, but inspection 
of the tie lines from the second invariant in figure 3 shows that the latter 
must have been the metastable invariant saturated with dihydrated tri¬ 
iodide and iodine. According to the polythermal phase diagram, this 
metastable invariant (for alpha-KIs *21180 and iodine) should lie close to 
60,6 per cent iodine and 27.9 per cent potassium iodide. It is thus certain 
that part of the 0®C. isothermal shown in figures 1 and 3 is metastable but 
nevertheless in substantial agreement with the polythermal system as 
shown in figures 4 and 5. 
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Little more remains to be said about the system at this time. The 
general results furnish a complete confirmation of Grace^s thesis that all 
the polyiodides of potassium are solvated in the presence of water. The 
phase diagram which has resulted from this work should go far towards 
settling the long controversy over the reality of solid polyiodides of po¬ 
tassium; indeed as one views this controversy in retrospect, it seems most 
surprising that the phase diagram was not determined years ago. The 
deterrent appears to have been the belief that it would be very difficult, 
if not impossible experimentally, to set up the necessary conditions of 
equilibrium at the low temperatures required in much of the work; Parsons 
and Whittemore, as well as others, made reference to this matter. The 
difficulty appears to have been greatly overestimated. 

SUMMARY 

The results of this paper may be summarized briefly as follows: 

1. The temperature-composition diagram of the ternary system po¬ 
tassium iodide-iodine-water has been determined in detail. The diagram 
is restricted to solid-liquid systems in air at approximately normal pressure. 

2. The solid phases are ice, KI, iodine, Kl8‘H20, Kl7*H20, and two 
polymorphic modifications of the compound KIs-21120. 

3. The previous work of Grace at 25®C. has been substantiated in all of 
its important features. 
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In the course of a phase rule study of the system sodium iodide-iodine- 
water, now nearing completion in this laboratory, we have had occasion 
to construct the temperature-composition diagram of the system sodium 
iodide-water. On assembling the available published data, however, we 
discovered that a few additional measurements were needed, especially 
at the lower temperatures, before the diagram could be drawn with the 
desired accuracy and completeness. A brief special investigation was 
accordingly carried out, the results of which are presented here in the form 
of a separate communication.^ 

As is well known, the solid phases encountered in the binary system 
are Nal, NaI-2H20, Nal-SHjO, and ice. The solubilities of the an¬ 
hydrous salt and dihydrate have been accurately determined over a wide 
range of temperatures by Kremers (8), de Coppet (2), Br0nsted (1) (at 
100°C.), Scott and Frazier (16) (at 25®C.), Scott and Durham (14), Hill, 
Wilson, and Bishop (4) (at 8®, 25°, and 40°C.), and Ricci (11) (at 25° and 
40°C.). According to Scott and Durham the Nal*2H20-Nal transition 
temperature, as estimated from the point of intersection of the respective 
solubility curves, is 68.1°C. 

We have been unable to find, however, more than two points on the 
solubility cnryn of the pentahydrate,—one of these having been determined 
by Etard (3) (51.5 per cent sodium iodide at — 20°C.) and the other by 
de Coppet (2) (56.93 per cent sodium iodide at — 15.2°C.). We have also 
been unable to find any exact determination of the pentahydrate-dihydrate 
transition temperature, though Panfilow (10) reports that it is about 
-10°C. 

Freezing-point determinations up to moderate concentrations of sodium 
iodide have been made by Riidorff (12), and these were later extended 
almost to the eutectic point by Jones and his associates (7). According 
to Meyerhoffer (9), the eutectic temperature is — 31.5°C. and the eutectic 
composition is 39 per cent sodium iodide. It should be pointed out here, 
however, that the latter value is entirely inconsistent with the data of Jones 
and his coworkers, whose work was very carefully done. 

Boiling-point determinations have been made by Schlamp (13), John¬ 
ston (6), and Jablczynski and Kon (5). Johnston^s measurements are the 
most comprehensive, extending as they do to solutions containing up to 
60 per cent sodium iodide. According to Kremers (8), the saturated 
solution boils at 141°C. 

‘ The ternary system will be presented in a later paper. 
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BXFBEIlliBKTAL 

A number of carefully prepared mixtures of sodium iodide and water, 
designed so as to include the region of the pentahydrate, were subjected to 
thermal analysis in air-jacketed tubes held in a well-stirred cooling bath 


TABLE 1 
Temperatvre arreaU 


•■BIAL KO. 

Nal 

FlB«r ABBBIfT 

BBCOXP ABBBBT 

i 

per cent 

•c. 

•c. 

1 

18.7 

-5.6 

Not determined 

2 

37.2 

-17.8 

Not determined 

3 

41.9 

-23.5 

-31.7 

4 

44.2 

-26.8 

-31.2 

5 

46.5 

-30.6 

-31.5 

6 

49.0 

-36.1 

-31.6 

7 

53.3 

-24.8? 

-31.5 

8 

57.2 

-17.3? 

-31.8 

9 

61.0 

-12.2 

-31.8 

10 

64.0 

-12.4 

None 

11 


68.0 

Not determined 

12 


68.0 

Not determined 



with a 10-degree temperature differential The mixtures were agitated 
by means of a magnetic stirrer and all thermometers were especially cali¬ 
brated by means of a number of standard fixed tonperatures. 
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The temperature arrests are presented in table 1. They have been 
designed as ^^first^^ and **second’^ arrests only as a matter of convenience 
in showing the order in which they were obtained. ' 

These arrests (excepting Nos. 11 and 12) have been plotted in figure 1. 
Extreme undercooling with respect to the pentahydrate occurred in the 
case of Nos. 6, 7, and 8, so that the attempt to obtain points on the solu¬ 
bility curve of the pentahydrate was not successful. With No. 6, for 
example, the first arrest at —36.1®C. proved to be a point on the meta¬ 
stable extension of the ice line below the eutectic temperature, and the 
second arrest at — 31.6®C. appeared only after the pentahydrate had 
actually begun to form. In the case of Nos. 7 and 8 the pentahydrate 
made its appearance before the eutectic temperature was reached; but 
there was still much undercooling, and the arrests (shown in figure 1 as 
half-circles) were indefinite and much too low. Accordingly, heating 


TABLE 2 

Boiling points of solutions of sodium iodide 


Nal 

BOILING POINT 

percent 

•c. 

37.2 

104.8 

44.2 

107.0 

53.3 

113.0 

67.2 

117.4 

64.0 

121.6 

70.0 

131.8 

75.0 

142.0 

76,2 (saturated) 

! 142.4 


curves were run after each mixture had been cooled to the second (i.e., 
eutectic) arrest, with the following results (three points on the penta¬ 
hydrate solubility curve): 


8BBIAL NO. 

NM j 

TBlfPBRATURB 


per cent 

•c. 

6 

49.0 

-26.6 

7 

53.3 

-18.5 

8 

57.2 

-14.0 


According to figure 1, the eutectic point lies at — 31.5®C. and 47.1 per 
cent sodium iodide. Meyerhoffer’s value for the temperature is thus 
satisfactorily confirmed but not his value for the composition, which is 
found to be seriously in error, as had been suspected from the first. The 
pentahydrate^ihydrate transition temperature is found to be — 12.3®C., 
at which point the solution contains 60.2 per cent sodium iodide. The 
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dihydrate-anhydrous sodium iodide transition temperature (68.0®C.) is 
given by the “first"’ arrests of Nos. 11 and 12 in table 1; it is in good agree¬ 
ment with the value (68.1®C.) obtained by Scott and Durham. At this 
transition point the solution contains 74.8 per cent sodium iodide. 

TABLE 3 


Temperature-composition data 


TBMPBBATURB 

Nal 

BOUBCB 1 

1 TBMPBBATURB 

Nal 

BOUBCB 

Solution and ice 

Solution and vapor 

•c. 

per cent by 



per ceni by 



weight 



weight 


-0.85 

3.74 

(12) 

101.1 

13.40 

(6) 

-1.9 

7.48 

(12) 

102.4 

24.03 

(6) 

-2.44 

9.34 

(7) 

103.4 

29.23 

(6) 

-4.25 

14.59 

(12) 

104.8 

35.30 

(6) 

-5.37 

17.44 

(7) 

104.8 

37.2 

* 

-5.6 

18.7 

♦ 

106.7 

41.38 

(6) 

-8.70 

24.55 

(7) 

107.0 

44.2 

* 

-9.75 

26.50 

(12) 

108.3 

45.41 

(6) 

-12.72 

30.84 

(7) 

110.1 

48.28 

(6) 

-17.8 

37.2 

* 

111.6 

50.72 

(6) 

-18.0 

36.46 

(7) 

113.0 

53.3 

* 

-23.0 

41.55 

(7) 

113.3 

53.31 

(6) 

-23.5 

41.9 


114.4 

54.71 

(6) 

-26.8 

44.2 


116.2 

57.64 

(6) 

-29.5 

46.00 

(7) 

117.2 

58.75 

(6) 

-30.6 

46.5 

« 

117.4 

57.2 

* 

-31.5 E 

47.1 


118.2 

59.56 

(6) 

-36.1 m 

49.0 


118.6 

60.31 

(6) 




121.6 

64.0 

* 

Solution and NaI*5Aq 

131.8 

70.0 

* 

-26.5 

49.0 

e 

142.0 

75.0 

♦ 

-20 

51.5 

(3) 

142.4 S 

76.2 

* 

-18.5 

53.3 

♦ 

141 S 

76.2 

(8) 

-15.2 

56.93 

(2) 




-14.0 

57.2 

♦ 




-12.3U2Aq 

80.2 






* Briggs and Geigle; E, eutectic point; m, metastable; U, transition point; S, 
saturated. 


A few determinations (probably accurate to db0.6®C.) were also made in 
order to follow the boiling-point line to its point of saturation with the 
anhydrous salt. Precautions were taken to minimize superheating and to 
promote steady ebullition; the atmospheric pressure '^as about 745 mm. 
The results, which are fairly concoMant with those of Johnston, are 
given in table 2. 
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In conclusion, the data which are now available for the construction of 
the freezing-point, boiling-point, and pentahydrate solubility curves have 
been assembled in table 3. All compositions are in percentages by weight. 
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INTRODUCTION 

This and two previous investigations (5, 6 ) were carried out to obtain 
physical data for use in chemical engineering design studies. The den¬ 
sities, viscosities, surface tensions, refractive indic^;jand boiling points of 
the ternary system butyl alcohol-ethyl acetate toluene were determined 
and are reported in this paper. 

EXPERIMENTAL 

Materials 

Normal c.p. butyl alcohol was treated as described in the paper of 
Ernst, Litkenhous, and Spanyer (5). The c.p. ethyl acetate was re¬ 
peatedly distilled in a specially constructed (long glass re 6 tif 3 dng column. 
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refluxed with phosphorus pentoxide for several hours (13), and finally 
redistilled, l^e toluene was purified by continued fractionation. Tests 
were made for aldehydes and acids before the materials were finally redis¬ 
tilled. 

The physical properties of the purified materials were next determined 
as a check upon their purity before the preparation of both binary and 
ternary samples. These physical constants and a comparison with those 
of other investigators are listed in table 1. 


TABLE 1 

Phytieal eofutants of purified materiah 


IIATBBIAL 

DUNHTT 

VXflOOUTT 

11 

BarBACTlTB 

INDBX 

BOXLIIIO POINT 










•c. 


Butyl 

0.8076 

(A) 

0.02463 

(A) 

24.189 

(A) 

1.3981 

(A) 

117.7 

(A) 

alcohol.. 

0.8080 

(6) 

0.02466 

(6) 

24.204 

(6) 

1.3981 

(5) 

117.69 

(6) 


0.8080 

(1) 

0.02801 

(10) 

24.25 

(16) 

1.3974 

(1) 

117.71 

(1) 


0.8083 

(2) 



24.16 

(0) 

1.4000 

(3) 

117.6 

(11) 

Ethyl < 

0.8933 

(A) 

0.00438 

(A) 

22.973 

(A) 

1.3715 

(A) 

77.1 

(A) 

acetate.. .J 

0.8936 

(7) 

0.00416 

(8) 

23.15 

(») 

1.3704 

(12) 

77.15 

(7) 

1 

0.89862 

(10) 







77.1 

(18) 

( 

0.8699 

(A) 

0.00661 

(A) 

27.641 

(A) 

1.4941 

(A) 

110.7 

(A) 

Toluene... .J 

0.8617 

(16) 



27.96 

(9) 

1.4936 

(13) 

110.7 

(4) 

1 

0.8654 

(10) 



28.68 

(14) 

1.4910 

(12) 

110.8 

(17) 


(A) Author’s experimental values. 


Preparation of samples 

Sixty-six samples were then prepared, using weight increments of 10 
per cent. The weight per cent composition of these samples is listed in 
table 2. 


Apparatus 

Apparatus identical with that used in the previous investigations (5, 6) 
was employed. A temperature of 26®C. ± 0.06® was maintained in the 
determination of density, viscosity, surface tension, and refractive index. 
All samples were kept in glass-stoppered bottles in a constant-temperature 
bath for 24 hr. before using. 


DIBCUBBION 

The results of the experimental work are summarised in table 3. Both 
binoidal and triangubur diagrams have been drawn for each property. 

The binoidal curves are plotted with the composition of the sample as 

'’'t 
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abscissa against the particular property under consideration as the or¬ 
dinate. The constant property lines on the triangular diagrams were pre¬ 
pared from the binoidal curves. 


TABLE 2 

Compoftition of aamplea 


SAMPLB 

NXTMBSB 

BUTTL 

ALCOHOL 

BTBTL 

ACBTATB 

TOLDBNB 


weight per 
cent 

weight per 
cent 

weight per 
cent 

1 

100 



2 


100 


3 



100 

4 


10 

90 

5 


20 

80 

6 


30 

70 

7 


40 

60 

8 


50 

50 

9 


60 

40 

10 


70 

30 

11 


80 

20 

12 


90 

10 

13 

90 


10 

14 

80 


20 

15 

70 


30 

16 

60 


40 

17 

50 


50 

18 

40 


60 

19 

30 


70 

20 

20 

1 

80 

21 

10 


90 

22 

10 

. 90 


23 

20 

80 


24 

30 

70 


25 

40 

60 


26 

50 

50 


27 

60 

40 


28 

70 

30 


29 

80 

20 


30 

90 

10 


31 

80 

10 

10 

32 

70 

10 1 

20 

33 

60 

10 1 

30 


BAMPLB 

NHMBBB 

BUTTL 

ALCOHOL 

BTHTL 

ACBTATB 

TOLUBNB 


weight per 
cent 

weight per 
cent 

weight per 
eeni 

34 

50 

10 

40 

35 

40 

10 

50 

36 

30 

10 

60 

37 

20 

10 

70 

38 

10 

10 

80 

39 

70 

20 

10 

40 

60 

20 

20 

41 

50 

20 

30 

42 

40 

20 

40 

43 

30 

20 

50 

44 

20 

20 

60 

45 

10 

20 

70 

46 

60 

30 

10 

47 

50 

30 

20 

48 

40 

30 

30 

49 

30 

30 

40 

50 

20 

30 

50 

51 

10 

30 

60 

52 

50 

40 

10 

53 

40 

40 

20 

54 

30 

40 

30 

55 

20 

40 

40 

56 

10 

40 

50 

57 

40 

50 

10 

58 

30 

50 

20 

59 

20 

50 

30 

60 

10 

50 

40 

61 

30 

60 

10 

62 

20 

60 

20 

63 

10 

60 

30 

64 

20 

70 

10 

65 

10 

70 

20 

66 

10 

1 




Relative density 

Figure 1 is a binoidal graph of the relative densities plotted against 
composition. The relative densities of all mixtures of ethyl acetate and 
toluene decrease as the per cent of butyl alcohol is increased (figure 1). 
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TABUS 3 


Phytieal properiiet 


B41IFLB mrMBSB 

BOnjNO POXlfT 

DBNsrrT 

VXKOnTT 

BBFRACTXVa 

XNDBX 

BURFACB 

TBN8IOK 

1 

•c. 

117.7 

0.8075 

0.02463 

1.3981 

24.189 

2 

77.1 

0.8933 

0.00438 

1.3715 

22.973 

3 

110.7 

0.8599 

0.00551 

1.4941 

27.541 

4 

104.6 

0.8636 

0.00534 

1.4840 

27.049 

6 

99.4 

0.8666 

0.00512 

1.4709 

26.530 

6 

94.6 

0.8700 

0.00506 

1.4588 

25.974 

7 

91.1 

0.8727 

0.00484 

1.4463 

25.424 

8 

87.8 

0.8755 

0.00482 

1.4340 

24.966 

9 

85.2 

0.8786 

0.00478 

1.4211 

24.512 

10 

82.8 

0.8818 

0.00455 

1.4087 

24.121 

11 

80.7 

0.8851 

0.00445 

1.3968 

23.762 

12 

78.8 

0.8880 

0.00428 

1.3845 

23.421 

13 

112.6 

0.8112 

0.02120 

1.4072 

24.376 

14 

109.2 

0.8156 

0.01730 

1.4160 

24.662 

15 

106.5 

0.8211 

0.01441 

1.4248 i 

24.983 

16 

104.4 

0.8260 

0.01199 

1.4329 

25.288 

17 

103.3 

0.8307 

0.00997 

1.4428 

25.588 

18 

103.0 

0.8365 

0.00840 

1.4512 

25.925 

10 

103.6 

0.8421 

0.00715 

1.4611 

26.336 

20 

104.8 

0.8481 

0.00635 

1 4713 

26.684 

21 

107.3 

0.8537 

0.00560 

1.4829 

27.095 

22 

79.2 

0.8811 

0.00480 

1.3742 

23.066 

23 

81.4 

0.8714 

0.00510 

1.3770 

23.126 

24 

83.9 

0.8621 

0.00578 

1.3793 

23.224 

25 

86.9 

0.8531 

0.00648 

1.3823 

23.305 

26 

90.4 

0.8438 

0.00790 

1.3849 

23.458 

27 ! 

94.6 

0.8348 

0.00967 

1.3875 

23.528 

28 

98.5 

0.8273 

0.01165 

1.3901 

23.691 

29 

103.9 

0.8199 

0.01425 

1.3930 

23.865 

30 

' 110.0 

0.8132 

0.01815 

1.3958 

23.976 

31 

106.3 

0.8188 

0.01570 

1.4050 

24.296 

32 

104.0 

0.8236 

0.01350 

1.4132 

24.555 

33 

102.2 

0.8293 

0.01097 

1.4222 

24.842 

34 

100.8 

0.8344 

0.00908 

1.4314 

25.152 

35 

100.5 

0.8399 

0.00792 

1.4408 

25.467 

36 

100.6 

0.8460 

0.00694 

1.4505 

25.800 

37 

101.1 

0.8518 

0.00620 

1.4603 

26.238 

38 

102.3 

0.8576 

0.00563 

1.4711 

26.659 

39 

101.4 

0.8260 

0.01222 

1.4021 

24.121 

40 

99.7 

0.8313 

0.01022 

1.4110 

24.393 

41 

98.6 

0.8368 

0.00875 

1.4199 

24.673 

42 

97.8 

0.8427 

0.00755 

1.4288 

25.005 

43 

97.3 

0.8482 

0.00659 

1.4391 

25.328 

44 

97.3 

0.8543 

0.00594 

1.4490 

25.672 

45 

98.1 

0.8601 

0.00547 

1.4600 

26.089 
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TABLE 3 —Concluded 


BillfTLS MUMBBR 

BOIUMQ POINT 

DBNaXTY 

VXBCOBITT 

RBFBACTIVB 

INDBX 

SUBFACB 

TENSION 

46 

•c. 

97.3 

0.8335 

0.01005 

i 1.4006 

24.026 

47 

96.0 

0.8395 

0.00838 

1.4087 

24.278 

48 

95.2 

0.8454 

0.00737 

j 1.4176 

24,608 

49 

94.5 

0.8512 

0.00642 

1.4264 

24.907 

50 

94.2 

0.8578 

0.00592 

1.4372 

25.262 

61 

94.3 

0.8639 

0.00646 

1.4477 

26.553 

52 

93.2 

0.8424 

0.00809 

1.3969 

23.886 

^ 53 

92.4 

0.8490 

0.00710 

1.4062 

24.153 

54 

91.8 

0.8544 

0.00633 

j 1.4152 

24.467 

55 

91.4 

0.8609 

0.00557 

1.4246 

24.775 

56 

91.3 

0.8671 

0.00520 

1.4357 

25.110 

57 

89.4 

0.8511 

0.00661 

1.3943 

23.731 

58 ' 

88.8 

0.8572 

0.00600 

1.4039 

24.022 

59 

88.3 

0.8631 

0.00541 

1.4127 

24.310 

60 

88.1 

0.8697 

0.00511 

1.4226 

24.637 

61 

86.2 

0.8600 

0.00600 

1.3919 

23.604 

62 

85.8 

0.8655 

0.00540 

1.4015 

23.888 

63 

86.5 

0.8723 

0 00493 

1.4109 

24 168 

64 

83.1 

0.8682 

0.00516 

1.3892 

23.572 

65 

82.8 

0.8755 

0.00475 

1.3887 

23.834 

66 i 

80.8 

0.8782 

0.00468 

1.3867 

23.412 


The slope of these curves indicates a slight decrease in volume upon 
mixing. 

In the triangular diagram (figure 2) the constant density lines are prac¬ 
tically parallel and slope generally in the direction of maximum per cent of 
ethyl acetate. This characteristic cur\'ature is to be expected because of 
the change in volume when the different components are mixed. 

Viscosity 

The binoidal curves for viscosity (figure 3) show the effect of increasing 
percentages of ethyl acetate to butyl alcohol-toluene mixtun^s. The 
effect becomes less pronounced as increasing increments of ethyl acetate 
are added and is indicated by the closeness of the 60, 70, 80, and 90 per cent 
lines compared to the 10, 20, and 30 per cent lines. 

In the triangular diagram (figure 4) showing constant viscosity lines, 
this effect is shown by the small change in viscosities as large increases in 
ethyl acetate are made. These lines do not have appreciable maxima, 
although the effect of additions of butyl alcohol is slightly in this direction. 

Refractive index 

The binoidal curves for refractive indices (figure 5) are practically 
straight-line functions of composition. The small amount of curvature 
present slopes similarly to the relative density curves. 
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Fig. 1. Binoidal curves showing relative densities at 25®C. 






Fig. 3. Binoidal curves showing viscosities at 25®C. 









Fig. 5. Binoidal curves showing refractive indices at 25°C. 





Fici, 7. Binoidal curves showing boiling points of butyl alcohol-ethyl acetate- 

toluene mixtures 
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Fia. 8. Triangular diagram showing boiling points of butyl alcohol-ethyl 
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Fja. 9. Binoidal curves showing surface tensions at 25°C. 
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The effect of varying weights of butyl alcohol-ethyl acetate and toluene 
upon refractive indices is shown in figure 6. These lines arc practically 
parallel, the increasing weight increments of all three components causing 
almost regular increases in refractive index values. 

Boiling points 

The boiling points of mixtures of butyl alcohol and toluene pass through 
a minimum at about 60 per cent toluene (figure 7). Increasing additions 
of ethyl acetate to this binary system cause the minimum to disappear 
when 40 per cent has been added. The curve for the toluene-ethyl 
acetate system shows neither maximum nor minimum as does the butyl 
alcohol-ethyl acetate system. 

The triangular diagram (figure 8) showing compositions of mixtures of 
constant boiling point indicates that the minimum of the butyl alcohol- 
toluene mixtures at 60 per cent toluene has a boiling point of about 103®C. 
The effect of increasing additions of ethyl acetate to the butyl alcohol- 
toluene mixtures is to decrease continually the boiling points of the three- 
component system. 

Surface tension 

The binoidal curves for surface tension (figure 9) show slight curvature 
corresponding to those for refractive index. Increasing percentages of 
ethyl acetate to toluene-butyl alcohol mixtures tend to straighten the 
constant per cent ethyl acetate curves. 

The triangular diagram for surface tension (figure 10) shows that this 
property is very regular, the addition of increasing weight increments of 
toluene effecting regular increases of surface tension values. 

CONCLUSIONS 

Densities, viscosities, refractive indices, boiling points, and surface 
tensions for the ternary system butyl alcohol-ethyl acetate-toluene have 
been determined. Both binoidal and triangular diagrams have been pre¬ 
pared for each property and are included in this paper. 

REFERENCES 

(1) Bbunbl, Crenshaw, and Tobin: J. Am. Chem. Soc. 43, 566 (1921). 

(2) Brunjes and Furnas: Ind. Eng. Chem. 27, 396 (1935). 

(3) Bushmakin, Bbgetova, and Kuchinskaya: Sintet. Kauchuk 4, 8 (1936). 

(4) Davis: Ind. Eng. Chem. 22, 380 (1930). 

(5) Ernst, Litkenhous, and Spanyer: J. Phys. Chem. 36, 842 (1932). 

(6) Ernst, Watkins, and Ruwe: J. Phys. Chem. 40, 627 (1936). 

(7) Furnas and Leighton: Ind. Eng. Chem. 29, 709 (1937). 

(8) Gill and Dexter: Ind. Eng. Chem. 26, 881 (1934). 

(9) Hennault-Roland and Lek: Bull. soc. chim. Belg. 40, 177 (1931). 

(10) International Critical Tables: Vols. Ill, IV, V, VII. McGraw-Hill Book Co., 
New York (1933). 



388 


fi. T. BRISCOE AND THEDFOBD P. DIRKSE 


(11) Kahlbattm: Z. phyaik. Chem. S6, 577 (1898). 

(12) Lanss: Handbook of Chemistry and PhysicSy 2nd edition, p. 736. Handbook 

Publishers Inc., Sandusky, Ohio (1936). 

(13) Mason and Washburn: J. Phys. Chem. 40, 481 (1936). 

(14) Richards and Coombs: J. Am. Chem. Soc. S7,1656 (1916). 

(16) Richards and Mathews: J. Am. Chem. Soc. 80,8 (1908). 

(16) Smith and Wojciechowski: Roczniki Chem. 16, 104 (1937). 

(17) Timmermans and Martin: J. chim. phys. 23, 733 (1926). 

(18) Wade and Msrriman: J. Chem. Soc. 101, 2438 (1912). 


THE CONDUCTANCE OF SALTS IN MONOETHANOLAMINE 
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Solutions in which monoethanolamine acts as the solvent have re¬ 
ceived very little theoretical consideration. Monoethanolamine is very 
viscous, it has a dielectric constant approximately half that of water, and 
it is a very good solvent for many salts. This study deals with the con¬ 
ductances of solutions of salts in this solvent. The equations to be tested 
include (a) the equation of Debye-Hiickel for calculating activity coef¬ 
ficients, and (6) Onsager's conductance equation. 

EXPERIMENTAL 

The bridge used in this work was similar to the bridge recommended by 
Jones and Joseph (8). Every precaution they suggested was taken. All 
the leads were shielded to reduce capacitance, and a condenser was used to 
balance out capacitance that could not be eliminated by mechanical means. 
The average amount of this capacitance was 0.000006 microfarad. The 
frequency of the alternating current was 1250 cycles per second. Trans¬ 
former oil was used in the constant-temperature bath to reduce stray 
capacitance between the leads of the cell. The temperature of the bath 
was maintained at 25®C. ± 0.015®, as measured by a Beckmann thermom¬ 
eter which was calibrated against a U. S. Bureau of Standards^ thermometer. 

The cell was made of Pyrex glass and was fitted with platinum elec¬ 
trodes. It was constructed according to the directions of Jones and 
Bollinger (6). The electrodes were not platinized, since the solutions used 
were dilute and alkaline (5). The cell constant was measured by using 
0.01 demal potassium chloride which has a conductance of 0.00140877 
mho, as determined by Jones and Bradshaw (7). 

The salts were prepared according to the directions given by Dasher (2). 
The ethanolamine was purified by distillation. In the first distillation 
tfas 0 |niddle fraction was directed into another distilling flask. This frac- 



TABLE 1 

Monomethylammonium picraie 
Ao « 1724.14; Ki « 0.4706 X 10“« 


CX 10« 

A 

■^dbexp. 

'^itcalo. 

1495 

10.97 

0.989 

0.873 

252 

36.90 

0.992 

0.946 

59 

83.05 

0.994 

0.973 

19 

189.47 

0.996 

0.985 

7.6 

381.58 

0.996 

0.990 

2.5 

600.00 

0.997 

0.994 

0.9 

888.88 

0.998 

0.997 


A^Onwger 

X io-« 

i^Oatwald 

X Iff 

K' X 10^ 

K X 10-< 

1546 

0.06 

0.06 

0.05 

260 

0.11 

0.11 

0.11 

62 

0.14 

0.14 

0.14 

21 

0.25 

0.25 

0 25 

9.8 

0.47 

0.47 

0.47 

3.8 

0.46 

0.46 

0.46 

1.8 

0.49 

0.49 

0.49 


TABLE 2 


Dimeihylammonium picraie 


Ao * 757.67; Kx 


C X 10» 

A 

•^±exp. 

Aboalo. 

1394 

19.08 

0.979 

0.877 

600 

40 30 

0.980 

0.917 

262 

55 72 

0.984 

0.944 

224 

64.98 

0 984 

0.948 

83 

1 148.69 

0.985 

0 968 

33 

252.38 

0.988 

0.979 

11 

i 372.62 

0.991 

0.988 

2 

i 573.00 

0.995 

0.994 


* 5.611 X 10“® 


AoiMUgcr 

X io-« 

A Oitwxld 

X 10-^ 

A' X io-« 

A X 10-« 

1469 

0.90 

0.91 

0.87 

645 

1.79 

1.80 

1.73 

286 

1.52 

1.53 

1.49 

248 

1.80 

1.82 

1.76 

104 

3.99 

4.02 

3.90 

50 

5.59 

5.63 

5.50 

22 

5.48 

5.32 

5.23 

9 

5.51 

6.55 

5.50 


TABLE 3 


Trimelhylammonium picraie 


Ao * 543.48; Kx =« 3.584 X 10-« 


C X 10« 

A 

•^iexp. 

^icalc. 

953 

28.85 

0.975 

0,897 

368 

49.91 

0.979 

0.934 

106 

91.49 

0.985 

0.964 

34 

129.46 

0.989 

0.979 

14 

220.84 

0.991 

0.986 

4 

410.12 

0.993 

0.992 


Aoniiager 

X 10-* 

Aostwald 

X ia-« 

A' X 10-" 

A X 10^ 

1029 

2.84 

2.86 

2.72 

412 

3.42 

3.45 

3.31 

128 

3.61 

3.63 

3.53 

45 

2.59 

2.58 

2.53 

24 

4.04 

4.04 

3.98 

17 

10.22 

10.2 

10.01 


TABLE 4 


Teirametkylammonium picraie 
Ao - 2222.22; Kx * 0.09145 X 10’® 


C X 10» 

A 

•^=bexp. 

‘^dboalo. 

Aonsager 

X 10-* 

Aoatwald 

X io-« 

A' X 

A X 10-« 

1256 

15.52 

0.989 

0.883 

1297 

0.06 

0.06 

0.06 

401 

27.12 

0.992 

0.932 

412 

0.06 

0.06 

0.06 

175 

41.09 

0.993 

0.954 

180 

0.06 

0.06 

0.06 

65 

80.99 

0.994 

0.972 

68 

0.09 

0.09 

0.08 

23 

131.86 

0.995 

0.983 

25 

0.08 

0.08 

0.08 

7 

251.85 

1 0.996 

0.990 

8 

0.10 

0.10 

0.10 

3 

457.04 

0.997 

0.993 

4 

0.17 

0.17 

0.17 
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TABLE 5 

Triiaoamylammonitm picrate 
A« - 1010.1; Ki - $.636 X 10~^ 


CX 10* 

A 

'^dbaxpi. 


JtoaaMer 

X io-« 

Kottwftld 

X 

K'XK^ 

jb: X10^ 

1707 

16.17 

0.981 

0.865 

17860 

4.44 

4.48 

4.31 

667 

29.20 

0.984 

0.913 

7004 

5.74 

5.78 

5.60 

227 

50.97 

0.988 

0.948 

2423 

6.10 

6.13 

6.08 

87 

82.74 

0.990 

0.967 

954 

6.36 

6.38 

6.26 

30 

119.96 

0.993 

0.980 

342 

4.80 

4.81 

4.75 

0 

291.97 

0.994 

0.989 

135 

11.27 

11.30 

11.17 

3 

602.59 

0.995 

0.993 

55 

20.28 

29.37 

20.08 


TABLE 6 

Monomethylammonium chloride 
Ao - 221.24; Ki - 6.538 X l(r« 


cxio* 

A 


Afcoxlo. 

KoxUMgfiT 

X lOr* 

i'i^Ostwald 

X io-« 

K'xiO-* 

K X 10-* 

7466 

7.23 

0.946 

0.738 

8236 

8.26 

8.42 

7.54 

2388 

12.44 

0.960 

0.842 

2626 

8.01 

8.13 

7.49 

927 

17.79 

0.970 

0.898 

1033 

6.53 

6.60 

6.21 

290 

30.25 

0.978 

0.941 

341 

6.33 

6.36 

6.08 

108 

44.08 

0.984 

0.964 

137 

5.414 

5.43 

5.27 

45 

74.33 

0.986 

0.976 

114 

7.79 

7.82 

7.61 

16 

98.28 

0.990 

0.985 

29 

5.79 

5.81 

5.70 

13 

112.69 

0.990 

0.987 

27 

7.07 

7.07 

6.94 


TABLE 7 


Dimethylamrnordum chloride 




Ao ■■ 

373.13; K, 

- 12.64 > 

c io-« 



CX10» 

A 

Ak«xp. 


Konmg0r 

X lOr* 

li^Oatwald 

X 10^ 

K'xiO-* 

KX 10-^ 

2641 

25.63 

0.953 

0.835 

2949 

13.40 

13.6 

12.4 

787 

47.48 

0.965 

0.906 

923 

14.6 

14.8 

13.8 

381 

61.04 

0.972 

0.933 

463 

12.2 

12.4 

11.7 

138 

97.74 

0.979 

0.959 

189 

12.9 

12.9 

12.4 

42 

155.96 

0.985 

0.977 

74 

12.9 

12.9 

12.6 

15 

259.83 

0.988 

0.986 

49 

24.1 

24.2 

23.7 


TABLE 8 

Trimeihylammonium chloride 
Ao “ 216.45; Ki - 24.97 X l(r« 


C X lO* 

A 

4i;«xp. 

Afcoxio. 

ATonsacsr 

X 

J^Osttrxld 

X io-« 

K' X 10-« 

« X 

4311 

15.56 

0.939 

0.794 

4889 

24.1 

24.6 

21.8 

1418 

27.22 

0.954 

0.876 

1673 

25.7 

24,7 

22.5 

508 

47.17 

0.963 

0.923 

664 

31.1 

31.4 

29.2 

216 

63.16 

0.972 

0.949 

310 

26.7 

26.4 

24.9 

60 

88.21 

0.981 

0.971 

117 

19.5 

19.6 

18.9 

24 

132.79 

0.986 

0.982 

i 64 

24.4 

24.4 

23.8 

16 

126.88 

0.989 

0.985 

40 

13.8 

18.8 

13.5 

8 

208.74 

0.990 

0.990 

1 242 

242 

225 

221 
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tion was redistilled and fractionated again; only the middle fraction was 
collected. These distillations were conducted in an all-glass apparatus, 
and at no time did the ethanolamine come in contact with the air. The 

TABLE 9 


Tetrameihylammonium chloride 
Ao - 45.06; Ki * 160,3 X lO"® 


CX 10» 

A 

. 

Abexp. 


Xonaager 

X io-« 

Xoxtwald 

X 10-* 

X'XKT* 

AX 10-^ 

2760 

11.27 

0.911 

0.832 

3875 

230 

240 

200 

1180 

14.07 

0.934 

0.886 

1785 

167 

173 

161 

660 

17.27 

0.960 

0.921 

919 

130 

135 

121 

260 

23.46 

0.969 

0.946 

666 

148 

161 

139 

no 

34.56 

0.968 

0.963 

489 

271 

288 

270 

60 

33.33 

0.976 

0.973 

236 

126 

129 

123 

20 

40.00 

0.986 

0.984 

184 

133 

145 

141 


TABLE 10 


Tetraisoamylammonium iodide 


Ao » 617.28; Ki » 7.117 X lO"’ 


CX lO* 

A 

^±exp. 


1245 

11.00 

0.983 

0.883 

436 

21.31 

0.986 

0.929 

162 

38.43 

0.988 

0.966 

65 

62.19 

0.991 

0.971 

24 

96.04 

0.993 

0.982 

10 

189.81 

0.993 

0.988 


iCoonger 

X 10^ 

K Oatwxld 

X 10-* 

K' X 10^ 

A X 10-« 

12990 

4.03 

4.05 

3 92 

4589 

5.39 

5.41 

5.27 

1750 

7.08 

7.10 

6.94 

737 

7.44 

7.46 

7.33 

297 

7.17 

7.18 

7.08 

146 

13.68 

13.70 

13.53 


TABLE 11 


Tetraisoamylammonium nitrate 
Ao « 2272.7; Ki » 1.01 X 10"^ 


CX10« 

A 

Afcaxp. 

■^iroalo. 

Xosaxger 

X 10^ 

Xoitwxld 

X 10-^ 

X' X 10-^ 

K X 10-^ 

761 

22.05 

0.990 

0.907 

7844 

0.72 

0.72 

0.71 

646 

26.56 

0.991 

0.921 

5618 

0.75 

0.75 

0.74 

178 

51.63 

0.992 

0.954 

1841 

0.94 

0.94 

0.93 

64 

84.98 

0.994 

0.972 

676 

0.93 

0.94 

0.93 

24 

146.51 

0.995 

0.982 

265 

1.08 

1.08 

1.07 

9 

229.12 

0.996 

0.989 

107 

1.08 

1.08 

1.07 

6 

362.05 

0.996 

0.991 

63 

1.53 

1.53 

1.62 


freezing point of the purified ethanolamine was 10,53®C. compared with 
10,5®C., the value reported by the Carbide and Carbon Chemicals Cor¬ 
poration. The refractive index of the ethanolamine at 20°C. was found 
to be 1.46342 compared with 1.4639, the value reported by the Carbide 
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and Carbon Chemicals Corporation. The dielectric constant at 26®C. 
was measured by V. E. Parker of this laboratory and found to be 37.72. 
W. C. Davis of this laboratory measured the viscosity of the ethanolamine 
at 25®C. and found it to be 0.19346 poise. 

The solutions were made up by weight. A portion of the salt was 
weighed in a special flask. This flask was then filled with ethanolamine 
and reweighed. The cell was filled directly from this flask. The remain¬ 
ing solution was then diluted and the process repeated. Ground-glass 
joints were used throughout to prevent the solution from coming in direct 
contact with the air. The cell was washed out several times with the 
solution to be measured before a measurement was taken. 


TABLE 12 

Conductance of iriisoamylammonium picrate 


SOLYIINT 

CXW 

A 

D.K. * 26.04 

120.8 

12.42 

79.8 per cent ethanolamine 

46.61 

19.35 

20.2 per cent dioxane 

22.55 

31.04 


719.7 

7.92 

D.K. « 18.80 

268.8 

8.56 

59.7 per cent ethanolamine 

111.9 

9.83 

40.3 per cent dioxane 

47.81 

12.55 


20.41 

68.59 


830.4 

7.23 

D.K. - 14.62 

334.5 

7,77 

49.7 per cent ethanolamine 

116.9 

8.55 

60.3 per cent dioxane 

43.94 

13.65 


17.60 

17.05 


RESULTS 

Tables 1 to 12 show the experimental results. The concentration of the 
salt in equivalents per liter is represented by C; A is the equivalent con¬ 
ductance; /±exp. is the experimentally obtained activity coefficient as 
calculated by the method of Kraus and Fuoss (9), while /±caic. is the 
theoretical activity coefficient of the binary salt as a whole calculated by 
means of the Debye-Htickel equation (3): 

ln/± = -a+ 2 - 

Koanget the ionization constant calculated from Onsager’s equation 

( 11 ): 


Ao = Ao — «\/C — 
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Xostwaid is the ionization constant calculated from Ostwald^s dilution law; 
K' is the stoichiometrical ionization constant; K is the thermodynamic 
ionization constant. The conductance at infinite dilution, Ao, and Ki^ the 
experimental ionization constant, were obtained by using the method of 
Kraus and Fuoss (9). 

According to D. Belcher (1), extrapolation may not give correct values 
of Ao for weak electrolytes (K ^ 10”®). On this basis the values of Ao 
for all the salts except the chlorides may be in error. For this reason the 



VT 

Fig. 1. Plot of y/C against A. O, monomethylammonium chloride; #, diethyl- 
ammonium chloride; 0, trimethylammonium chloride; 0, tetramethylammonium 
chloride. 

results for the chlorides only are given in graphical form (figure 1). The 
theoretical slope of the curve as given by the Onsager equation is also 
plotted for the chlorides. 

DISCUSSION 

Figure 1 shows that for each salt the experimental slope is much steeper 
than the Onsager slope. Only for tetramethylammonium chloride do the 
experimental and theoretical slopes approach each other. The fact that 
the conductances of all the solutions vary greatly with the concentra¬ 
tion shows that these salts behave as weak electrolytes in monoethanol- 
amine. 
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Walden and Birr (12) measured the conductances of substituted ammo¬ 
nium picrates and chlorides in acetonitrile. Their results show that in 
acetonitrile tetramethylammonium picrate behaves as a strong electro¬ 
lyte in the dilute region. Wright, Murray-Rust, and Hartley (13) found 
that this salt behaved similarly in nitromethane. In monoethanolamine 
this same salt behaves as a weak electrolyte except at infinite dilution 
where its conductance is higher than that of the other salts. Walden and 
Birr^s results vary considerably from the theoretical Onsager values. But 
in ethanolamine the same or similar salts all vary still more than in aceto¬ 
nitrile. For the chlorides, the experimental slope in monoethanolamine 
deviates from the theoretical Onsager slope about four times as much as 
in acetonitrile. 

The differences in the behavior of these salts in acetonitrile and mono¬ 
ethanolamine may be explained in one or two ways. First, the differences 
may arise from differences in the extent to which ions are solvated in the 
two solvents. For all the salts studied, the ionization constants calculated 
according to Onsager^s approximate equation decrease as the concentra¬ 
tion decreases. This may be explained by solvation, which would cause 
some of the solvent to be used in solvating the ions, thus raising the con¬ 
centration of the ions in the remaining solvent. This effect should diminish 
with increasing dilution. The chemical character and molecular structure 
of monoethanolamine strongly support the belief that it may strongly 
solvate ions. 

In the second place, these differences may be explained by differences in 
some physical property of the solvents. The dielectric constant of aceto¬ 
nitrile is 36, and that of nitromethane is 37. These values are practically 
the same as that for monoethanolamine (37.72). If the apparent degree 
of dissociation depends solely upon the dielectric constant of the solvent, 
then the salts studied should behave similarly in these three solvents. 
The fact that this is not so indicates that the apparent degree of dissocia¬ 
tion is not dependent entirely upon the dielectric constant of the solvent. 
An important physical difference in the three solvents is shown by their 
viscosities; the viscosity of monoethanolamine is thirty-two times as great 
as that of nitromethane and sixty-five times that of acetonitrile. Since 
increasing viscosity tends to decrease the mobilities of the ions and thus 
to decrease the conductance, the high viscosity of monoethanolamine may 
account for the fact that the salts here studied behave as weak electrolytes 
in monoethanolamine. 

Kraus and Fuoss (10) found that tetraisoamylammonium nitrate is a 
strong electrolyte, but that triisoamylammonium picrate is a weak electro¬ 
lyte when dissolved in ethylene dichloride and in mixtures of this solvent 
with benzene and dioxane. In monoethanolamine these two electrolytes 
show a 'difference only at infinite dilution. It may be that at dilutions 
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other than infinite the high viscosity of monoethanolaraine slows the 
mobilities of the ions down to about the same level, since the curves of 
all the salts studied are approximately the same. 

The stoichiometrical ionization constants agree fairly well with the 
experimental ionization constants up to concentrations of about 1 X 10“® 
equivalents per liter. The ionization constants calculated according to 
Ostwald^s dilution law agree very well with the stoichiometrical ionization 
constants at all concentrations. Onsager^s equation does not express 
accurately the ionization constants in these solutions. The values cal¬ 
culated from it do approach the experimental ionization constants as the 



Fig. 2. Plot of log C against log A. 3 , dielectric constant » 37.72; ©, dielec¬ 
tric constant *» 26,04; #, dielectric constant *■ 18.80; O, dielectric constant =» 
14.62. 

dilution is increased, but only in one or two instances is there any agree¬ 
ment in the vicinity of infinite dilution. At very great dilutions, for some 
of the salts, the calculated ionization constants are greater than the 
experimental values. This is perhaps explained by the fact that at these 
high dilutions the conductance measurements cannot be made as ac¬ 
curately as in more concentrated solutions. The experimental value is 
only an approximate value. In some instances the ionization constant 
increases rather abruptly at certain concentrations. 

In monoethanolamine the Debye-Hiickel equation for the activity 
coefficient of a binary salt as a whole reduces to 

log/i * -1.623VC 
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where C is the stoichiometric concentration. This equation assumes com¬ 
plete dissociation, since the stoichiometric concentration is substituted 
for the ionic concentration. Tables 1 to 11 show that for the solutions 
studied the experimental activity coefficients agree with the theoretical 
values up to a concentration of about 1 X 10“”^ gram-equivalents per liter. 

Table 12 and figure 2 show the results of the conductance measurements 
of triisoamylammonium picrate in solvents of different dielectric con¬ 
stants. The solvents were obtained by mixing monoethanolamine and 
dioxane in varyifig proportions. The percentages are given by weight. 
As the dielectric constant of the solvent decreases, the conductance at a 
definite concentration also decreases. This is to be expected, since a 
decrease in dielectric constant means greater electrical attraction between 
the ions. The curves in figure 2 show a tendency to flatten out as the 
concentration increases, and seem to approach a minimum. This is ex¬ 
plained by means of the concept of triple ions as suggested by Fuoss and 
Kraus (4). It was hoped that it would be possible to extend the measure¬ 
ments to higher concentrations in order to determine at just which con¬ 
centration the minimum appears. However, solutions of greater con¬ 
centrations changed from an orange-yellow to a rather deep red color upon 
standing a few hours. This change of color probably indicates a reaction 
between the picrate and the ethanolamine. Thus, measurements in this 
range of concentration are, in all probability, in error. With dilute solu¬ 
tions such as those actually used, reproducible results were obtained for 
solutions over varying periods of time. This color change was also noticed 
in concentrated solutions of mixed solvents containing more than 60 per 
cent of ethanolamine. For this reason only measurements of the most 
dilute solutions are used. 


SUMMARY 

1. The salts studied behave as weak electrolytes in monoethanolamine 
as judged by the change in conductance with changing concentrations, 
but their conductances are high. 

2. The Onsager equation does not give theoretical values for the con¬ 
ductances of these solutions which agree with the experimental values. 
The lack of agreement is the result, at least in part, of the failure of this 
equation to account fully for the viscosity effect. 

3. The Debye-Hiickel equation for activity coefficients agrees as well as 
could be expected with the experimental results for the solutions studied. 

4. In dilute solutions the conductance of triisoamylammonium picrate 
decreases as the dielectric constant decreases and approaches a minimum 
with increasing concentration. 
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NEW BOOKS 

An Introduction to the Principles of Physical Chemistry. By 0. Maass and E. W. R. 

Stbacie. Second edition, 15.5 x 23.5 cm.; ix -f 395 pp.; 102 fig. New York: 

John Wiley and Sons, Inc., 1939. Price: $3.00. 

The second edition of this text has been materially improved by the addition of 
new chapters on atomic structure, phase rule, and colloidal systems, and also by 
the rewriting, revision, and substantial extension of chapters dealing with chemical 
reactions, electrolytic dissociation, and electrochemistry. As in the first edition, 
the clarity of presentation is excellent. The inclusion of many new figures also 
constitutes a commendable addition and increases the value of the book as a text. 

There can be no serious criticism of the scope of the topics presented. Although 
the content was limited to that which could be covered in about fifty lectures, the 
inclusion of a short chapter on crystalline state and crystal structure would probably 
have been justified. Possibly greater emphasis should have been given to deter¬ 
mination of molecular weights in the chapter on the gaseous state. Also it might 
have been more logical to give the method for determination of molecular dissociation 
in this chapter than in the chapter on electrolytic dissociation near the end of the 
book. While the chapter on electrolytic dissociation has been somewhat expanded 
and improved in this edition, it would have been further improved by more rigorous 
and, in some instances, more detailed treatment. 

On the whole, this new edition is an excellent book and will maintain its high 
place as a text for the students for whom it was written, namely, those who have had 
but limited experience in physics and mathematics. 

F. E. Bartell. 

Electromagnetics: A Discussion of Fundamentals. By Alfred O’Rahilly. xii -f 

884 pp. London, New York, and Toronto: Longmans, Green and Company, 1939. 

Cork, Ireland: Cork University Press, 1939. Price: $12.50. 

Here is a book written with all the freshness and good-natured humorous com¬ 
bativeness that might be expected from one carrying the name of its author. 
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In the preface we have, summarized in sequence, the main theses, which are as 
follows: (f) The history of electromfignetic theory is rewritten. It is maintained 
that Maxweirs views, which were logically stated by Helmholtz and Duhem, are 
really off the main line of development. The ideas of Gauss and Weber are vindi¬ 
cated; the proposals of Lorentz and Riemann are claimed to supersede Maxweirs 
displacement-current. {SS) In particular, the synthetic statement of the accepted 
^^classical’^ electromagnetic theory is shown to be the force-formula published in ISSS 
by Iii^nard, who is still alive and active. (S) But it is also shown that the uni¬ 
versally ignored alternative formula proposed by Ritz in 1908 is equally, and even 
more, successful.. The interest of this formula is that it is really and radically 
relativist,—in the proper acceptation of that much-abused word. Even if Ritz’s 
theory is not accepted, it has at least the merit of proving the unsoundness of most 
of the arguments adduced in favor of the prevalent view. (4) Einstein’s use of 
Voigt's transformation, generally known as the special theory of relativity, is sub¬ 
jected to fundamental criticisms, that is, as regards electromagnetics, for it is 
proposed to treat optics subsequently. In particular, Lorentz's ‘‘local time" and 
Minkowski’s “space-time" are rejected. (5) Contemporary discussion of “the 
aether" is declared to be a mere logomachy, a waste of time. An important distinc¬ 
tion is urged between the quantitative equations of physics and the “discourse" of 
physicists. (6) An elementary but radical exposition of the meaning of the symbols 
of physics is worked out. This is shown to have many practical and even philo¬ 
sophical consequences. It implies the rejection of Bergson’s view of duration, of 
Bridgman’s operational theory, and of Eddington’s “bundles of pointer-readings." 
In fact, an attempt is made to sweep idealism and pseudo-mysticism completely out 
of physics; it is held that physical science is incapable of solving any philosophical 
problem. (7) The question of units and “dimensions," still the subject of contro¬ 
versy in scientific periodicals and of votes at international congresses, is treated in a 
simple but revolutionary manner. It is claimed that thereby an end is put to barren 
discussions which have now lasted over fifty years, and that there is no further 
excuse for electrotechnologists to continue talking nonsense. 

The present reviewer has asserted on former occasions that there are three states 
of sophistication in physics. In the first, one accepts everything at face value and 
seeks to understand by the most primitive methods of intuition. In the second 
state, one sees that there is much that is illogical and even wrong in the condition of 
satisfaction of mind typified by the first state. He who lives in state No. 1 is the 
natural prey of the occupant of state No. 2, who can cut his arguments to pieces 
with infallible swords and knock away the foundations of almost everything upon 
which his brains rest for comfort. State No. 2 is the destructive state. Then there 
is state No. 3, in which, while one admits everything in state No. 2, one recognizes 
that there really was something to the ultimate doings of the denizen of state No. 1. 
The poor fellow in that state had said it all wrong, had sought much comfort in illu¬ 
sion and much tribulation in shadows, but did the right thing after all and used the 
tools which really mattered, even though one in state No. 2 could prove irrefutably 
that he did not know what he was doing. 

Now the author of Electromagnetics is certainly not in state No. 1, and while he 
carries on the fight in a manner characteristic of a denizen of state No. 2, he obvi¬ 
ously has the full appreciation of state No. 3. If the present reviewer had any criti¬ 
cism at all as regards much that is written, he would found it upon the following 
basis: Even the greatest minds, when controlled by the conventions of thought of 
their day, have on occasion built their intellectual structures in terms of very naive 
pictures and of very vulnerable material. They have seen something which worked 
and have housed it in a structure characteristic of the mental architecture of the 
times. The structure and its attendant elements have indeed seemed to form an 
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essential part of the whole scheme. Now in process of time many of these things 
have died, without having been actually killed, and with their sins unconfessed. 
Professor O’Rahilly seeks to exhume them for the purpose of holding an autopsy to 
discover the full enormity of their former wickedness. He then pieces them together 
and pumps enough life into them to enable them to be brought to public trial and to 
be disposed of legally by official execution. 

Joking aside, however, Professor 0*liahilly is really to be congratulated upon a 
penetrating rediscussion of the fundamentals of this much discussed subject of elec¬ 
trodynamics. The present reviewer is heartily in sympathy with many of the main 
contentions of the book, and particularly with that to the effect that the working 
elements of the theory of restricted relativity have, in their essentials, nothing 
whatever to do with different frames of reference associated with observers travel¬ 
ing with different velocities. There would, in fact, be sense to a situation in which 
the Michelson-Morley experiment had given a positive result and in which the essen¬ 
tial value of the restricted theory of relativity yet remained. Again, Professor 
O’Rahilly’s objection to the garnishing of such concepts as electric and magnetic 
fields with such statements about them as attribute them to special states of the 
aether, etc., is an objection which, in the judgment of this reviewer, is well taken; 
and in spite of the somewhat facetious remarks above concerning the resuscitation 
and official execution of some of these bygone concepts, there is something to be said 
for such public execution, for the ghosts of these unhappy former courtiers of the 
throne of science still walk about the laboratories and, when they find a chance, 
will garb themselves in such alluring raiment as to tempt the unwary young investi¬ 
gator from the straight and narrow path of progress to the mental orgies of the 
materialistic era of Mid-Victorian times. 

W. F. G. Swann. 

Thorpe's Dictionary of Applied Chemistry, By Jocelyn Field Thorpe and M. 
A. Whitbley, assisted by eminent contributors. Fourth edition. Volume 1, 
A-acid to Bixin; xxvii -I- 703 pp. (1937). Volume 2, Black Ash to Chemical Analy¬ 
sis; xxiii -H 711 pp. (1938). Volume 3, Chemical Calculations to Diffusion; xxiii -f 
608 pp. (1939). London, New York, Toronto: Longmans, Green and Company. 
Price: $25.00 per volume. 

The statement in the preface to the first volume of this edition, that *Tt is intended 
to publish one volume yearly, the last volume containing a General Index and Glos¬ 
sary”, has been thus far fulfilled. From the rapid advance of applied chemistry 
during the present century, it is not surprising to find that the material covered in 
these three volumes was completed on page 523 of the second volume in the previon« 
(third) edition of 1927, although some of this material was included in the supple¬ 
mentary volumes of 1934 and 1935. 

While the dictionary form has been preserved, more even than the third edition is 
the fourth a collection of monographs by authoritative authors; perhaps because of 
this, the work more and more covers the field of general chemistry, and includes 
very fully the applications of physical chemistry in industry. 

The scope of this edition may be best illustrated by citing some examples of 
changes. The four-page article on ^Colloids” in the third edition becomes a fifteen- 
page treatise, by Alexander King; ‘^Coordination Compounds” does not appear in 
the third edition, but in this is represented by an excellently illustrated article of 
ten pages by Sir Gilbert Morgan and F. H. Burstall; Sir Gilbert Morgan also con¬ 
tributes twenty pages on “Diazo-compounds”, as well as in conjunction with Dr. 
Glyn Rees Davies six pages on “Organic Antimonials” and sixteen pages on “Organic 
Arsenicals”; the “Organic Compounds of Bismuth” is given a too brief notice by 
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Dr. Challenger; “Bi Vitamin** and ‘^-Ascorbic Acid** are discussed by Dr. Leslie J. 
Harris, **Andro8terone** and * Testosterone** are given brief treatment by Dr. Kon, 
and a fuller paper on the ‘‘Sterones** is promised under ‘‘Hormones** in a later 
volume; five pages are devoted to R. P. Linstead’s article on “Chlorophyll**; 
“Chemical Warfare** and “Chemical Warfare Defense** by J. Davidson Pratt are 
two other new topics treated in this edition; “Corrosion of Metals** is expanded from 
thirteen to thirty-two pages; “Anthrs.quinone** and “Anthraquinone Dyestuffs** 
occupy forty-two pages, the latter topic not appearing in the third edition, where 
the anthraquinone dyestuffs were described chiefly under their individual names; 
“Light Alloys** and “Atomic Structure** each receive six pages; in the third edition 
“Catalysis in Industrial Chemistry** was.accorded two pages and that under tho 
topic “Chemical Affinity**; in this edition it has been expanded to seven pages by Dr. 
Hilditch, but might well have been further enlarged; the excellent original article on 
the “Balance** by Professor Dittmar in the first edition of the book has been largely 
retained, but supplemented by sixteen pages from Dr. J. J. Manley, bringing the 
subject down to date, and including the microbalance; “Chemical Analysis,’* which 
covered one hundred and four pages in the earlier edition, now requires one hundred 
and seventy-one pages for treatment, is well arranged, and seems to be brought well 
up to the present. 

This last article especially illustrates what is true of many of the longer papers,— 
a brief index or table of their contents is needed; while the materials are excellently 
classified, it demands too much time to determine in these longer papers just how 
they are classified, and whether a sought-for topic is treated under this topic, and 
if so just where. It is too long to wait for the general index in the last volume. 

The authors are to be congratulated on the great improvement in this edition of 
an indispensable book. 


Jas. Lewis Howe. 
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It is well known that a layer of aluminum oxide can be formed on a 
surface of aluminum by electrolytic oxidation (1). The aluminum is made 
the anode in an electrolytic cell with a cathode of some non-polarizing 
material, such as carbon, and an electrolyte consisting of an aqueous acid, 
such as oxalic acid. Layers of aluminum oxide of considerable thickness 
can be built up by continuing the electrolysis sufficiently long. The 
author during a search for a thin film to satisfy certain requirements at¬ 
tempted to make thin sheets of aluminum oxide by oxidizing aluminum 
foil electrolytically. It turned out to be possible to convert thin aluminum 
sheets into sheets of aluminum oxide (2).^ The method of doing this is 
illustrated in the following description of a procedure by means of which 
sheets of aluminum oxide were prepared. 

A piece of aluminum foil 0.002 cm. thick, 2 cm. wide, and 10 cm. long 
is fastened in a clamp constructed as shown in figure 1 (a>. It consists of 
two strips, A and B, of i-in. aluminum between which the foil is clamped 
by means of a screw holding the two strips together. The foil and a 
section of the clamp are immersed, as shown, in a 3 per cent aqueous solu¬ 
tion of oxalic acid contained in a 1-liter battery jar or beaker. The clamp 
holding the foil is connected to the positive terminal of a 120-volt d.c. 
supply, while a carbon rod serves as the cathode. A rheostat or lamp 
bank is connected in series with the cell and the current adjusted to about 
30 milliamperes. The actual voltage is not important but the current 
should not be too high, otherwise the foil may become overheated during 
the electrolysis. It turned out after a number of trials that alternating 
current could be used without making any difference in the results. Upon 
allowing the above current to flow for about 2 hr. the foil will become 
almost completely transparent and acquire a peculiar silky appearance. 
It is necessary that the foil be completely immersed in the electrolyte, that 
is, the clamp itself should be partly immersed as shown in figure 1. If the 
foil projects from the solution the portion at the air-'electrolyte interface is 

1 On leave from the University of Southern California, Los Angeles, California. 

* During a disoussion on electrolytic condensers Mott showed an audience alu¬ 
minum oxide films, but gave no details of how they were made. 
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soon converted into aluminum oxidei which extends as a band across the 
foil and, because it is an insulator, cuts off the current and stops the oxida-* 
tion of the remaining parts of the foil. The aluminum foil treated in this 
manner when examined under the microscope appears to consist of a 
translucent glassy film in which a large number of minute irregular frag¬ 
ments of aluminum are dispersed. The silky appearance mentioned above 
is due to these minute fragments of aluminum. Apparently the progress 
of the oxidation causes small areas of aluminum in the foil to become 
completely surrounded by aluminum oxide, which, being an insulator, 
isolates these areas electrically so that they cannot be further oxidized. 

To overcome this difficulty the arrangement shown in figure 2 was 
adopted. In figure 2 the foil is held between 2 strips of aluminum, A and 



Fiq. 1. Apparatus for oxidizing aluminum foil 

B, one of which is made long enough to permit placing it across the top of a 
battery jar or beaker as shown. The foil hangs down from this clamp and 
dips into the electrolyte which, again, is 3 per cent aqueous oxalic acid. 
At the beginning of a run the lower end of the foil is permitted to dip a few 
millimeters below the surface of the solution, which at the start is a few 
centimeters deep. The foil and the carbon rod serving as the cathode are 
connected in series with enough resistance to limit the current to about 2 
milliamperes per square centimeter of foil surface. The ammeter A is in 
the circuit to permit this adjustment to be made. A short time after the 
current is started the section of the foil dipping below the surface of the 
electrolyte is converted into the oxide, as the transparency indicates. At 



TRANSLUCENT FILMS OF ALUMINUM OXIDE 


403 


this point a hissing noise due to heating develops in the region where 
the foil emerges from the electrolyte, and the current finally ceases because 
the oxide is a non-conductor. At this stage a 3 per cent solution of oxalic 
acid is allowed to flow into the cell from a reservoir whose liquid level is 
about 50 cm. above that in the cell. In figure 2 the reservoir is shown much 
lower in order to conserve space in the drawing. The rate of flow of the 
oxalic acid solution is adjusted by means of a stopcock until the electrolyte 



level in the cell rises just fast enough to permit the immersed portion of the 
foil to be completely oxidized. In this manner a piece of aluminum foil 
0.002 cm. thick and 2 cm. wide was oxidized at the rate of about 2 cm. 
per hour. It was found possible to oxidize foils as thin as 0.0005 cm. 
Foils thinner than this can be oxidized, but it is very difficult to remove 
them from the electrolyte without tearing them. However, suitable 
mechanical means for lifting out the oxidized foils could be devised. 
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The aluminum oxide foils prepared in this manner have considerable 
flexibility but break if bent too sharply. It is to be suspected that the 
lack of flexibility may be due to a survival of the crystalline structure in the 
original aluminum foil. In transparency these films resemble thin tissue 
paper or tracing paper. It is rather remarkable that every scratch or 
rolling mark on the aluminum foil is faithfully reproduced on the oxide 
film. The author has attempted to convert thin aluminum tubing into 
an equivalent oxide tube with the idea of using it as a diffusion thimble 
or semipermeable membrane, but so far without success. Further work 
is being carried out to determine the optical and electrical properties of the 
material. 


REFERENCES 
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THE AZEOTROPIC SYSTEM ALCOHOL-WATER-BENZENE^ 
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Since ethanol, although miscible with water in all proportions, forms an 
azeotropic system of lower boiling point than either component, it is not 
possible to separate water and alcohol completely by fractionation. If, 
however, a sufficient quantity of benzene is added to aqueous alcohol, a 
complete separation of the water and alcohol can be effected by fractiona¬ 
tion. 

The mechanism of this separation is interesting. If suflScient benzene 
has been added, the system separates into two liquid phases. The lower, 
denser phase contains about equal amounts of water and alcohol with little 
benzene, while the upper phase contains benzene, alcohol, and little water. 
This heterogeneous system of three components and three phases has two 
degrees of freedom. If one fixes the pressure and the composition, the 
boiling point is thereby fixed, and the mixture boils at a constant tempera¬ 
ture so long as two liquid phases are present. When one of the two 
liquid phases disappears, the boiling temperature will suddenly rise. If 

* Contribution No. 55 from the Chemical Laboratories of the University of Utah. 

‘Present address: Department of Chemistry, Cornell University, Ithaca, 
New York. 
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enough benzene has been added, all the water has been removed with the 
disappearance of the heterogeneous system, and what remains is a solu¬ 
tion of alcohol and benzene. These two form a homogeneous azeotrope 
of minimum boiling point, and, if the solution now contains less than 
the azeotropic proportion of benzene, it can of course be separated by 
fractionation into the azeotrope and pure anhydrous alcohol. This 
method of separating water and alcohol is of considerable technical im¬ 
portance for the preparation of absolute alcohol, and has therefore been 
much studied. These studies, however, have all of them been made at 


ALCOHOl 



WATEH MMZENE 

Fig. 1. Indices of refraction and compositions at the surface of separation of the 
system alcohol-water-benzene 

pressures considerably above atmospheric, and no study seems to have 
been made at low pressures. We have therefore thought it worth while 
to carry out this investigation at pressures between 160 mm. and 960 mm. 

The apparatus used was merely a distilling flask equipped with a fairly 
efficient fractionating column, a reflux condenser, a condenser for dis¬ 
tillation, and a pressure control device for maintaining any predetermined 
constant pressure. 

In working with systems such as this the greatest difficulty is fre¬ 
quently that of making satisfactory analyses. In 1926 Barbaudy (1) 
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obtained data by means of which analyses of this heterogeneous system 
can readily be made. These data consist of the indices of refraction of a 
series of solutions of alcohol-water-benzene lying on the binodal curve of 
25®C. From these we have plotted, on an 18^ x 24" triangular diagram, 
the indices of refraction with equal increments on the binodal curve (sec 
figure 1). The method of analysis is then very simple. The hetero¬ 
geneous system is distilled, and the distillate is allowed to separate into 
two layers and to stand long enough at a constant temperature (25®C.) 
to insure that equilibrium has been established. This we do in a weight 
buret. The weight of the combined phases is determined, the phases are 
separated, and the separate weights determined. The index of refraction 
of each phase is then determined, in this work using an Abb6 refractometer. 
These indices allow at once the two ends of the tie line between the con- 
solute phases to be fixed, and the relative amounts of the two phases fixes 
the composition of the heterogeneous system. 

In order to obtain reproducible results with our apparatus, we found 
that the following conditions must be maintained: The system must be 
allowed to reflux for a long time at the proper pressure, in order that the 
mixture in the distilling column may attain a constant distribution. The 
rate of distillation must be low, and the rate of reflux high. We used, as a 
desirable rate of distillation, ten drops per minute, and the ratio of reflux 
to distillation was fourteen. The reflux condenser must be maintained 
at a constant temperature. We used 14°C. =b 0.1®, merely because it was 
convenient and satisfactory. 

In every case 100 g. of the alcohol-water-beiizene mixture was used, 
and the volume of distillate taken for analysis was 15 ml. This was taken 
immediately after an initial 15 ml. had been distilled. The entire opera¬ 
tion was conducted as follows: 19.2 g. of 95.57 per cent alcohol, 6.7 g. of 
redistilled water, and 74.1 g. of absolute benzene were weighed into a 
125-ml. glass-stoppered flask. The mixture was shaken thoroughly, and 
transferred at once to the distilling flask. The flask was connected to the 
apparatus, and all stopcocks and ground-glass joints tested for leaks. 
The barometric pressure was accurately determined, the necessary tem¬ 
perature corrections made, and carbon dioxide under pressure introduced 
into the apparatus, or the apparatus evacuated, until the desired manom¬ 
eter reading was attained. Heat was then applied to the distilling flask, 
and, as the flask warmed up and boiling began, the manometer was con¬ 
stantly adjusted to the predetermined value. The manometer reading 
remained constant when the vapor reached the small reflux condenser at 
the top of the distilling column, and the mixture began to reflux. The 
mixture was allowed to reflux for 15 min., and then the stopcock at the 
top of the condensing system was opened full, and 6 ml. allowed to distil. 
Another 15 min. reflux and another 5 ml. distillation allowed any low- 
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boiling components to excape from the system. The mixture was allowed 
to reflux from 3 to 9 hr., depending upon the pressure used, constant com¬ 
position being reached more quickly at lower pressures. 

TABLE 1 


Refractive index and composition of upper and lower phases of the distillate 


PBS88UBE 

RBFKACTIVE 

INDEX 

(phase 1) 

REFRACTIVE 

INDEX 

(phase 2) 

PHASE 1 

PHASE 2 

BOILING 

TEMPER¬ 

ATURE 

HjO 

Alcohol 

Benzene 

HiO 

Alcohol 

Benzene 

mm. 



per cent 

per cent 

per cent 

per cent 

per cent 

per cent 

"C. 

160 

1.4758 

1.3711 

1.4 

12.9 

85.7 

41.8 

49.6 

8.6 


460 

1.4791 

1.3656 

1.1 

11 1 

87.8 

48.6 

46.5 

4.9 

51 8 

660 

1.4800 

1.3640 

1.0 

10.6 ! 

88.4 

50.6 

45.4 

4.0 

61.0 

760 

1.4803 

1.3637 

1.0 

10.4 

88.6 

51.0 

45.1 

3.9 

64.5 

860 

1.4805 

1 3631 

0.95 

10.25 

88.7 

51.9 

44.6 

3.5 

67.8 

960 

1.4808 

1.3625 

0.9 

10.1 

89.0 

52.7 

44.1 

3.2 

70.9 



Fig. 2. Variation of percentage of water in the lower solution with pressure 

At the end of the refluxing period, the stopcock at the top of the con¬ 
denser was opened partially, to allow a distillation rate not faster than 10 
drops per minute. When the distillation had been sufficient to rinse the 
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condenser tube, the distillate was turned into a fresh receiver, by means 
of the three-way stopcock at the bottom of the condenser. When 
approximately 16 ml. had been collected, the apparatus was quickly dis¬ 
connected, and the distillate poured without delay into a previously pre¬ 
pared weight buret. This was stoppered, weighed, and placed in a ther¬ 
mostat at a temperature of 25®C. (dt 0.1®), where it was allowed to stay 
until the solution became perfectly clear. It was then removed from the 
bath, dried, and reweighed to check any loss by evaporation. The re¬ 
fractive indices of bottom and top layers were next determined, and, if 
desired, the separate weights of the two layers. The refractive indices 
were determined on at least three separate samples of each solution, and 
the temperature of the refractometer was maintained at 25®C. ± 0.1®. 
The limit of precision of our instrument is 0.0002 unit, and determinations 
of the refractive index of separate samples of the same layer should not 
differ by more than that. Table 1 shows the change of refractive index 
and the change of composition of the upper and lower phases of the dis¬ 
tillate as the pressure changed from 160 mm. to 960 mm. It can be seen 
that most of the water is removed from the system in the lower phase. 
The percentage of water in this fraction drops rapidly as the pressure is 
lowered below about 600 mm., hence the efficiency of such a process for 
dehydrating alcohol must also decrease rapidly below this pressure. On 
the other hand, the rate of increase of water with increase of pressure 
becomes much smaller at pressures above atmospheric, so that the ad¬ 
vantage due to increased pressure soon becomes slight. Figure 1 shows the 
surface of separation of the alcohol-water-benzene system at 25®C., with 
indices of refraction plotted on it. This is, we think, the most advan¬ 
tageous method yet devised for the analysis of these systems. Figure 2 
shows the change of water content of the denser phase with change of 
pressure. 


SUMMARY 

This study shows that the effect of changing pressure on the water 
content of the heavier phase in heterogeneous systems of alcohol-water- 
benzene is greatest at low pressures, and that it becomes small and ap¬ 
proximately constant at about one atmosphere pressure. It also shows the 
ready applicability of the method of Barbaudy to the analysis of such 
systems. 
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During the past ten years the literature on pectin has been influenced 
to a large extent by the publications of Tarr and of Miss Spencer concern¬ 
ing the relations between acids and pectin in gel formation. 

In 1929 and 1930 Miss Spencer published a series of papers dealing with 
the influence of sugar, salts, and acids on pectin gels. The third paper 
(2) of that series was devoted to a critical discussion of the 1923 data of 
Tarr (3). Miss Spencer used the data of Tarr to substantiate her conten¬ 
tion that pectin carries a negative charge in solution due to adsorbed anions 
and to show that pectin does not possess a “buffer action’’ in acid solutions, 
as was claimed earlier by Tarr. 

It has been felt in these laboratories that Miss Spencer erred mathe¬ 
matically in her interpretation of Tarr’s data and that consequently her 
postulates were without suitable foundation. Since subsequent literature 
has failed to note the error we desire to call it to the attention of those 
working with pectin. 

Tarr presented data showing the pH values of systems obtained by 
adding various volumes of 0.10 N acids to 100-ml. portions of distilled 
water and to the same volume of distilled water containing 1.0 g. of pectin. 
Curves of his data showed that the pH values of the systems containing 
pectin were higher than corresponding ones where pectin w^as absent, lead¬ 
ing him to conclude that pectin was exhibiting “buffer action.” Similar 
data have been obtained by us many times during the past decade. 

Miss Spencer said, concerning Tarr’s data relating to the pH of sulfuric 
acid systems, .. although the addition of 1 cc. of sulfuric acid to water 
resulted in an increase in acidity represented by 2.44 (5.50-3.06) points 
as against an increase of only 0.15 (4.21-4.06) points when pectin was 
present, the next added increments^ 19 cc. in all, increased the pH value of 
water only 1.09 (3.06 -1.97) points as against 1.92 (4.06 - 2.14) points when 
pectin was present. That is to say, after the added acid had disposed of 
some non-pectin influence in the pectin sol, presumably salt impurities, the 
presence of pectin, instead of “depressing” the dissociation of acid, in¬ 
creased the hydrogen-ion concentration.” 

The obvious error in the above reasoning centers around the subtraction 
of pH values and comparison of these differences as numerical entities. 
The logarithmic nature of pH values prevents such manipulations. The 
pH values should have been converted to the corresponding hydrogen-ion 
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concentrations before Miss Spencer started her calculations. In the first 
instance related above, the “2.44 points’^ represents an increase in hydro¬ 
gen-ion concentration of 8.7 X 10*“^, while in the second system, where 
pectin was present, the hydrogen ion increase is only 0.16 X 10“^ due no 
doubt, in a small part, to the salt impurities, as pointed out by Miss 
Spencer, However, for the next 19 ml. of acid addition the hydrogen-ion 
concentration increased by 98.3 X lO”^ for water alone and by 71.6 X 10”"* 
when pectin was present, showing just the opposite from Miss Spencer’s 
conclusion. ' Pectin did prevent the system from having the hydrogen-ion 
concentration it would have had in the absence of pectin, hence pectin 
did “buffer” the system as Tarr contended, although not necessarily by the 
mechanism he advanced. 

In a similar manner it can be shown that in every acid system which Tarr 
discussed the pectin decreased the hydrogen-ion concentration. Thus it 
seems that Miss Spencer’s theory of anion adsorption has rested on a false 
foundation, because, rather than adsorbing anions and leaving hydrogen 
ions free to decrease pH values as she concluded, we sec that actually it 
was the hydrogen ions that were adsorbed by the pectin, thus increasing 
the pH. Tarr concluded that anions did not exert a noticeable effect on 
pectin gel formation. 

We have data to show that the pH values of pectin-sugar-acid-water 
systems, in correct proportions for gel formation, go up from 0.06 to 0.15 
of a pH unit as a result of actual gel formation (in the region of pH 2.9“3.5 
as determined with a glass electrode). This indicates that a definite 
adsorption of hydrogen ions takes place during the process of pectin gel 
formation. This has been found true for both apple and citrus pectins. 

The present conception of pectin structure is one of chain-like aggregates 
of anhydrogalacturonic acid residues bearing from three to ten times as 
many methylated carboxyls as free carboxyls. Preliminary work indi¬ 
cates that there are probably from 600 to 1200 of these residues in the 
molecular aggregate. The physicochemical nature of the pectin molecule 
is such that one need not assume anion adsorption to account for the fact 
that in cataphoresis pectin carries a negative charge. 

The picture of gel formation need not be much different than the one 
so well presented by Kruyt (1) in 1930. When pectin is in the sol state 
it is stabilized by water layers, probably held to it by the electrical attrac¬ 
tion of the pectin’s negative charge and the unbalanced positive charge 
of the water dipoles. As sugar is added to the sol, the dehydrating in¬ 
fluence of the sugar decreases the stability of the pectin by disturbing the 
water balance. When the sugar concentration gets up to 50 to 65 per cent, 
the dehydration of the pectin micells is sufficiently complete so that when 
an acid is added the hydrogen ions finish destabilization and a gel forms as a 
result of an unsuccessful attempt to precipitate. 
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There are a number of frequently overlooked pH changes which occur 
in aqueous sucrose-pectin-acid systems, especially in the region where 
gels can form. Data to be submitted in a later paper will show several 
of the individual factors affecting these pH changes and point out the 
importance of considering these factors when postulating a mechanism for 
gel formation. For instance, it will be shown that when sucrose is added 
to an acidified pectin sol the pH may decrease as much as 0.10 unit or in 
some cases may rise 0.20 pH higher than the original value, depending 
upon the pH region, the sucrose content, and upon whether or not gelation 
occurs. In the region of proper balance for gel formation, there is, in 
addition, a time factor which must be considered when making pH meas¬ 
urements. 
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S. E. SHEPPARD, W. VANSELOW, and G. P. HAPP 

Kodak Research Laboratories, Eastman Kodak Company, Rochester, New York 

Received July 2^, 19S9 

In the previous papers of this series (6, 7) there have been described the 
photovoltaic phenomena observed with a cell of two silver -silver bromide 
electrodes, one exposed to light, the other kept dark; the electrodes were 
connected electrolytically, usually by a dilute potassium bromide solution, 
and externally either through a vacuum tube voltmeter or a three-stage 
amplification oscillograph. In the present investigation these instru¬ 
ments have been replaced by an Einthoven string-galvanometer. A 
detailed description of the apparatus and operation is being presented 
elsewhere.* 

With this there have been studied the photovoltaic effects obtained when 
the silver bromide of the illuminated electrode is dyed with a sensitizing 


^ Communication No. 742 from the Kodak Research Laboratories. 
* In preparation. 
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dye; the light incident might then have a spectral composition limited to 
that absorbed by the silver bromide alone, or to that absorbed by the 
adsorbed dye alone. Sensitizing dyes could be chosen whose light absorp* 
tion (when adsorbed to silver halide) is well separated from that of silver 
bromide itself. 

The nature of the adsorbed dye layer at silver halide surfaces has been 
dealt with recently by Leermakers, Carroll, and Staud (3) and by Shep¬ 
pard, Lambert, and Walker (5). Here it may be noted that the adsorp¬ 
tion may be practically complete (irreversible) or incomplete (reversible)^ 
depending upon the number and position of solubilizing (polar) groups in 
the molecule. In the present investigation it was desirable to have a 
completely adsorbed dye and at such an adsorption density that optical 
shielding effects would not be present. The dye chosen,® 2,2'-diethyl-8- 
methylthiacarbocyanine bromide, of the following structure: 



is satisfactory in these respects. The source of light was a mercury arc 
(Cooper Hewitt, quartz). It was operated at 150 volts potential drop 
across the terminals, and at 21.2 cm. distance from the front surface of 
the silver-silver bromide electrode. 

The spectral distribution of the light from this source is largely discon¬ 
tinuous (4), with a relatively faint continuous background. In these 
experiments, limited spectral regions were isolated by the use of light filters 
of known transmissions. The filters used, their approximate spectral 
range, and the energy transmitted from the mercury arc to the photocell 
surface are given in the following tables. Table 1 refers to what are 
termed, inclusively, the first series of relevant experiments, and table 2 
to the second series. There was no difference in principle between these, 
but several details were different, which will be noted as required. In 
addition, with each of the combinations in table 1 there was also present 
an infrared absorption filter, consisting of a cell of 1 cm. internal thickness 
filled with 5 per cent cupric chloride solution. 

The investigations of Leermakers, Carroll, and Staud (3) have shown 
very definitely that the absorption spectrum of the dyed silver halide 
corresponds accurately to its spectral sensitivity. In figure 1 is shown the 
spectral reflectance curve for silver bromide dyed with dye IVb. 


• Dye IV b; see reference 6. 
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TABLE 1 


Experiments in series I* 


nunm 

BPSCTBAL RANGE TRANSMISSION 

BNERGT TRANSMITTBO 

^Neutrar' D1 . 

Total 

erga per aeeond per mw.* 

55.45 

Wratten No. 61. 

Maximum 530 m/ii j 

52.25 

Wratten No. 61 plus D1. 

Same 

12.80 

Corning 986. 

Ultraviolet up to 400 mA* 

50.25 

Corning 986 plus D1. 

Same 

1.71 


* Cooper Hewitt lamp 10,474 was used. 


TABLE 2 


Experiments in series II* 


FllABB 

SPECTRAL RANGE 
TRANSMISSION 

BNBRGT TRANSMITTED 



erga per aeeond per mm.* 

Wratten No. 16 cemented in optical B glass 

Cf. figure 1 

500 

Wratten No. 16 plus Neutral D1 as required.. 
Purple Corex **A*' 986 (—1) (Corning Glass 


150 

Co.). 

Cf. figure 1 

450 


* Cooper Hewitt lamp 60,1S4 was used. 



Fig. 1. Transmittauces of Wratten filters No. 61 and No. 16 superposed on the 
reflectanoe curve. Curve 1, transmission of Wratten filter No. 16; curve 2, transmis¬ 
sion of Wratten filter No. 61; curve 3, reflectance of silver bromide (in gelatin) sensi¬ 
tised with dye IVb, 1.00 mg. of dye per 100 cc. of emulsion; curve 4, transmission of 
Corning filter, Red Purple Corex No. 086, thickness 5.02 mm. 
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The reflectance curve corresponds, inversely, to the absorption (and 
sensitizing). It will be seen that there are two well-marked absorption 
bands with maxima at 520 m^ and 590 m^, respectively. In figure 1 
are shown the transmittances of filters Wratten No. 61 (first series) and 
Wratten No. 16 superposed on the reflectance curve. Evidently in the 
first series the band at 520 m/i was fairly well isolated, there be^ little 


TABLE 8 

Preparation of eUctrodee 


OPSBATION 

WBB1B8 I 

•bbxmII 

Mechanical and heat 



treatment. 

Polished with 400-mesh car¬ 
borundum paper 

As in I 

Annealing. 

Heated 2 hr. at 125®C., cooled 
slowly. Polished on wet 
MgO (Shamva) 

Heated gradually over 8 hr. 
up to 525^0., cooled to 
room temperature. Pol¬ 
ished as in I with carborun¬ 
dum paper. Annealed as 
in I. Polished as in I 

Insulating, back face, 



etc. 

Paraffin (Parowax) 

As in I 

Bromination. 

Electrolytic: paired elec¬ 
trodes as anode; Pt cathode, 
electrolyte 0.5 per cent 
KBr solution, 0.12 per cent 
HBr. Initial current 20 
milliamperes over 2 x 100 
mm.* anode surface, p.d. 
« 0.8 volt. Time « 6.0 sec. 

As in I 

Thickness of AgBr 



layer. 

0.00025 mm. 

0.00021 mm. 

Aging. 

In water saturated with AgBr: 

(1) 7 days for undyed 

(2) few minutes for dyed 

1 day in 0.001 N KBr solution 
saturated with AgBr 

Dyeing time. 

4 days 

Varied up to 4 days 

Washing . 

Three changes of water satu¬ 
rated with AgBr in 3 days 
after dyeing 

Three changes of 0.001 N KBr 
solution saturated with 
AgBr in 24 hr. following 
dyeing 


or no radiation shorter than 480 m/i, or longer than 580 mp, while in the 
second series the band at 590 mp was secured free from all radiation of less 
than 500 m^, and with only a small amount at 520 mp. 

Another experimental difference between series I and series II was in 
the preparation of the electrodes (see table 3). This subject has been 
rather fully discussed in Papers I and II (6,7) and only some minor modifi- 
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cations will ho montionod lion*. A iiow(»r typ(‘ of oh^otrodo was now eni- 
ployod, with th(‘ siirfaci' 100 sip inm. in aroa, comparod to 78.6 sq. mm., 
and mounted in solid l)ras.s leads (suhs(‘queritly insulated) instead of glass 
tubes. Tlu' dye solution contained 0.0044 g. per liter of dye TVh and 
was saturated with silver bromide. 

It may hv noted that the period of aging was n‘duc(Tl to 1 day for th(' 
second seric's in accordance with findings of Kolthoff and O’Brien (2). 

EXPERIMENTAL RESULTS 

Th(‘ photovoltaic (4T(»ct is obs(‘rved as a graph of potcaitial diffc'reiua' 
(in volts) against time, taken from the (photographic) recorder conn(‘ct(‘d 
with th(‘ Einthoven gah anometia*. A typical record is shown in figure 2. 



AS C 


TIME 

P^icj. 2. Koproduction of record. 0, exposure starting time = zero or 00', zero 
potential lim*; 1), maximum negative photopotential; AB, time to reach maximum 
negative photopot<*ntial == 0.09 sec.: .VC\ time to recrt)ss zero potential line = 1.28 
sec. 

As shown in the previous studk's, there are two main phases in the produc¬ 
tion of a potential difference. There is an initial, inertia-less negative 
effect, which may attain its maximum (as negative potential difftTence) 
within 1 sec., when positivization follows, tlu* potential difference becom¬ 
ing positive and then h'vt'lling off. It has been shown that th(‘ positiviza¬ 
tion can b(' reduced or eliminated by supplying sufficient halogiai acceptor 
in the electrolyte. 

Tables 4 and 5 for the first series show that, in the case of dyed silver 
bromide, the same phenomena appear when the radiation is that absorbed 
by the adsorbed dye. 

Table 5 shows the same behavior, but, in addition, a phenomenon which 
will be noted again later, viz.^ increasing sensitivity (magnitude of the 
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negative responst') as the concentration of soluble bromide of the electro¬ 
lyte is decreased. 

The next table (table 6) gives results obtained when the electrodes, both 
undyed and dyed, were illuminated with ultraviolet plus visible radiation, 
and also with ultraviolet alone. The ultraviolet radiation of experiment 
No. 3 was isolated by a Corning glass filter (Corcx “A’’ 986 ( — 1)) of 
5.02 mm. thickness, the transmission of w'hich is shown in figure 1. The 

TABLE 4 
Series IA 


! MAXIMUM NFOATIVE RESPONSE 


NO. 

Undjeil 

Dyed 


ELtCTKOLVTE* 

RADlATIONt 


volts 

rolls 




1 

0 0001 

0 0025 

1 

0 1 N Kllr 

530 

2 

0 0002 

0 0075 


0.001 N KHr 

530 

3 

1 

1 

0.0002 

0 0070 


0.001 N KHr 

0.001 N NaXO.. 

530 


0.0010 

0 0135 

1 

1 

1 

O.ixn N KHr 

0 01 N XiiXO. 

530 

5 1 

! 

1 

0 (KWS 

■ 0 0080 

i 

1 

0 (K)l JV KHr 

0.10 N XaXOj ,*-■ ; 

530 


* The electrolyte was in each case saturated with respect to silv<‘r bromide*, 
t Badiation transmitted by Wratten filter Xo. 01 (r/ figure J). 


TABLE 5 
Series IH 

MAXIMUM NEGATIVE RESPONSE i 

NO. _ ELECTltOMTE ! RADIATION 

IJndyed D>ed 

volts volts Vlfx 

1 0 (X)2 0.0060 0 0001 A KBr 530 

0.01 N NaXOo 

2 0.002 0.0075 0.0001 N KBr 530 

0.10 N XaXOa 

3 0.0025 0.021 O.OtKXn N KBr 530 

0.10 N NaNOj 


large “sensitization” which the dye has conferred with ultraviolet light is 
not optical sensitizing, since this radiation is strongly absorbed by silver 
bromide itself. It is to be attributed to the efficient halogen-accepting 
capacity of the dye. This has been demonstrated elsewhere in an investi¬ 
gation of the photolysis of dyed silver bromide by Sheppard, Lambert, and 
Walker (5). In that investigation it was found that these sensitizing dyes 
very readily form labile bromine addition compounds, which give up 





TABLE 6 
Series IC 


MO. 

MAXIMUM MBOATlVa 
BXSFOMaB 

BLBCTBOnTTB 

RADIATION 


Undyed 

Dyed 



1 

tolU 

0.001 

tclU 

0.0091 

0.1 N KBr 

Ultraviolet plus visible 

2 

0.000 

0.0043 

0.1 N KBr 

Ultraviolet plus visible (at low 

3 

0.0008 

0.0087 

0.1 N KBr 

intensity) 

Ultraviolet alone 


TABLE 7 

Experiments of series II with the dyed electrodes 





AVSBAOK TIMB 

1 

' 1 
1 



ILBC- 
TBODie 
DTBD j 

AVBRAGB MAXIMUM 
NBOATIVB 
RB8POMBB 

TO REACH 
MAXIMUM 
NBOATIVB 
POTENTIAL 

AYERAOB UMB TO START 
POSITIVB ACTION 

AVBRAQB TIMB TO RECR088 
ZERO 

! 


No 

NaNO* 

0.01 N 
NaNOt 

No 

NaNOt 

0.01 JV 
NaNOt 

No 

NaNOt 

0.01 jsr 
NaNOt 

No 

NaNOt 

0.01 N 
NaNOt 


volU 

volts 

seconds 

tecondv 

seconds 

seconds 

seconds 

seconds 

0 

0.0003 


0.49 


No posU 


No posi- 







tive ac- 


tive ac- 







tion in 


tion in 6 







6 sec. 


sec. 


0 


0.0005 


0.31 


Varied 


Varied 

minutes 









1 

0.0068 


0.07 


0.07 


1.70 


1 


0.0131 


0.05 


0.05 


1.68 

5 

0.0066 


0.12 


0.12 


Approxi- 






j 



mately 

2.38 


5 


0.0137 


0.06 


0.06 


Approxi- 









mately 2 

30 

0.0077 


0.12 


0.12 


Approxi- 






i 



mately 

2.25 


30 


0.0166 


0.08 


0.08 


Approxi¬ 





1 




mately 2 

hoMTM 









3 

0.0100 


0.07 


0.07 


Not quite 0 









at 6 sec. 


3 


0.0175 


0.06 


0.06 


Varied 

24 

0.0110 


0.10 


0.10 


Varied 


24 


0.0203 


0.07 


0.07 


Not quite 0 









at 6 sec. 

days 









4 

0.0130 


0.08 


0.08 


Approxi¬ 









mately 6 


4 


0.0109 


0.07 


0.07 


Approxi¬ 









mately 6 
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bromine to more permanent halogen acceptors. In the study of the 
photolysis of silver bromide by ultraviolet or blue light it was also found 
that the sensitizing dyes acted as halogen acceptors. 

The behavior of the silver-silver bromide electrode in light is, therefore, 
entirely consistent with the conclusions reached in the study of the photol- 
yas. 

These conclusions were fortified by the results of series II of experi¬ 
ments on the dyed electrodes, in which, as previously noted, some dif¬ 
ferences were made in the technique of preparing them. Furthermore, the 



Fig. 3. Kelation of negative photopotential to time of dyeing. Curve 1, photocell 
electrolyte, 0.001 N potassium bromide saturated with silver bromide; curve 2, same 
with addition of 0.01 N sodium nitrite. 

Fig. 4. Relation of negative photopotential to time of dyeing. Curve 1, photocell 
electrolyte, 0.001 N potassium bromide saturated with silver bromide; curve 2, same 
with addition of 0.01 N sodium nitrite. 


electrodes were illuminated in the longer wave length band—maximum 
absorption at 560 mfi —^by means of Wratten filter No. 16, with little or no 
radiation shorter than 5SK) mp (c/. figure 1). 

Well-marked optical sensitizing of the negative or electronic photovol¬ 
taic effect was shown here also. The principal results are collected in 
table 7. 

Two principal observations are resumed in the curves of figure 3 and 
figure 4. In figure 3 the maximum negative potential difference has been 
plotted against time in minutes of dyeing, i.e., the initial period. It is 
evident that there is an initial very rapid adsorption of the dye, followed 
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by a much slower process which only increases the sensitivity very grad¬ 
ually. In figure 4, where the times of treatment in the dye bath have been 
extended to days, the same phenomenon is evident, with the difference that 
when a halogen acceptor, sodium nitrite, was included in the electrolyte, 
the sensitizing appeared to have approached saturation or equilibrium 
within 12 to 24 hr. From this it seems probable that the two phases of 
the dyeing process are (t) very rapid adsorption, as already observed in 
dyeing silver bromide sols, and (m) a slower penetration of dye into fissures 
of the microcrystalline layer. This slower process continues to sensitize 
in the absence of other halogen acceptorj by furnishing more halogen acceptor 
for bromine produced by the primary optical sensitizing effect. 

DISCUSSION 

The previous investigation (6, 7) of the silver-silver bromide electrode 
in light absorbed by silver bromide had led to the following theory of the 
photovoltaic effect: The absorption of a quantum releases an electron 
from a bromide ion of the crystal, which becomes photoconducting. 
Such electrons can travel through the crystal, and, reaching the metallic 
silver base, tend to charge this negatively. The excess electron pressure 
is instantly revealed as a current through the circuit as the negative photo¬ 
potential difference. The continuance of a current in this sense requires 
a compensatory process; this is considered to be (a) neutralization of 
Ag^ ions in the dark electrode layer, (b) equivalent emigration of Br“ 
ions from the ^^dark’^ electrode into solution, and (c) transport of equiva¬ 
lent Br” ions into the *4ight^^ electrode silver halide layer, thereby annul¬ 
ling any space charge due to Ag+ ions left unbalanced by the displacement 
of photoelectrons. The entry of the photoelectrons into the subjacent 
silver metal consists, in the language of the quantum-mechanical ^^zone^' 
model of semiconductors (10, 1), first, in raising an electron into the 
previously empty conductance band of the crystal, in which it is mobile, 
and then the ^^spilling over'' of these electrons into the lower levels of the 
metallic silver. 

The electrolytic section of the circuit described above accords with the 
observation that the magnitude of the negative potential difference is 
diminished as the concentration of bromide ion in solution is raised. 
Evidently higher bromide-ion concentration would lower the bromide-ion 
'^solution tension" of the dark electrode, and thus reduce the current. 

The genesis of the reverse positive current or potential difference in 
terms of the attack of bromine upon silver has already been explained 
(6, 7). 

The reaction 


Ag + i Brs *= Ag+Br- 
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may be fonnulated (see figure 5) according to the Wagner model for such 
a corrosion reaction (8), viz., as an “inverted electrol 3 rais”; as though the 
system were an electric element with an e.m.f. corresponding to the free 
energy of the reaction, and in which the circuit is completed through an 
electronic conduction component of the corrosion layer, in this case silver 
bromide. Evidence in favor of this conception in the attack of halogens 
on silver has been presented by Wagner (9). Since it involves a reverse 
movement (reverse to the sense of the primary negative photovoltaic 
effect) of electrons outward from the (silver) metal through the silver 
bromide layer toward the bromine, in compensation of a migration of 
(silver) cations through the layer toward the bromine, it is evident that 
the E.M.F. generated should be, as actually found, opposed to the negative 
photovoltaic effect. 


B, •= internal resistance of corrosion layer 


B. = external resistance through metal 


Fig. 5 

dye-sensitizing OP PHOTOVOLTAIC EFFECT 

The emission of electrons by the dyed silver bromide might be ascribed 
either directly to the dye, or as indirectly from bromide ions of the crystal 
activated by light-absorbing dye molecules. This has been discussed in 
recent papers on the photolysis (5), and reasons have been given in favor 
of some sort of “exciton” transmission from the dye molecule, with sub¬ 
sequent, rather than direct, electron liberation. The present investiga¬ 
tion, while confirming the conclusions reached in the photolytic study, 
does not furnish definite evidence for or against the “direct emission” 
hypothesis for optical sensitizing. 

ITie secondary sensitizing effect of dyes as halogen acceptors is well 
confirmed by the photovoltaic studies. 

SUMMARY 

1. An investigation has been made of the effect of an optically sensitizing 
(cyanine) dye on the photovoltaic effect with silver-silver bromide elec¬ 
trodes. 
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2. It was established that definite optical sensitizing of the primary 
negative, or photoelectronic, effect was effected. Light absorbed by the 
adsorbed dye,—and which is not absorbed by silver bromide itself,— 
produced relatively large (electronic) photocurrents. 

3. At the same time, it was shown that the adsorbed dye acts as a 
halogen acceptor, diminishing the (reverse) positive effect, and this func¬ 
tion occurs whether the active radiation is that absorbed by silver bromide 
or by the dye. 

4. The results are in excellent agreement with those obtained in the 
study of the photolysis of dye-sensitized silver halide. 

5. The results give further confirmation of the theory previously pro¬ 
posed by the authors for the photovoltaic effect with silver-silver halide 
electrodes. It is again shown that this effect can be analyzed into an 
initial photoelectronic effect, produced by photoelectrons released from 
the silver halide passing into the silver metal, and a relatively delayed 
chemical effect, viz.^ the reaction of halogen wdth the silver. This latter 
process produces an e.m.f. opposing the primary effect. 

6. The results, at present, do not permit a conclusion as to whether the 
electrons are initially released from the dye by absorption of light and 
recovered from bromide ions of the crystal (with release of bromine), or 
whether the dye merely transmits sufficient energy to the crystal to 
separate electrons and halogen. 
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Kruyt (10) reproduces data showing that silicic acid has no protective 
action when measured by the criterion of the gold number (17). Some 
evidence of the protective action of silica has been reported, however. 
Thus, clay suspensions are stabilized by addition of silica sols (14). Soil 
colloids of high silica: sesquioxide ratios, e.g., Sharkey soil colloid, are more 
stable toward electrolytes than those of low ratios, e.g., Norfolk soil 
colloid (12). It has been shown, also, that silica sols (prepared by acidi¬ 
fying sodium silicate with tartaric acid) have a protective influence on 
colloidal silver (2) and colloidal gold (3). 

In the present study an investigation was made of the protective action 
of colloidal silicic acid for manganese dioxide sols. 

PREPARATION OF SOLS 

The silica sol was prepared by adding three volumes of a 1.6 per cent 
sodium silicate solution slowly, with stirring, to one volume of 2 normal 
hydrochloric acid. After aging for 48 hr. the mixture was dialyzed for 10 
days in collodion membranes. The dialyzate had a silica concentration 
of 14.7 g. per liter and a pH of 4.8. 

Colloidal manganese dioxide was prepared by a slight modification of a 
method recommended by Cuy (1). Three-fourths molar ammonium 
hydroxide was added dropwise at the rate of one drop every 10 sec. to 
Af/100 potassium permanganate at 90®C. The sol was purified by dialy¬ 
zing for 10 days with ‘‘Visking casing.^^ The purified sol had a manganese 
dioxide concentration of 0.66 g. per liter and a pH of 6.0. 

FLOCCULATION DATA 

The protective action of colloidal silicic acid on manganese dioxide sols 
is illustrated by the data in table 1. Flocculation values, obtained by a 
method described previously (4), are given for the unprotected sol and for 
sols containing different amounts of silicic acid. The concentration of 
manganese dioxide, 0.013 g. per liter, was the same in all systems. 

Two series of experiments were conducted in which the concentration 
of silica was kept constant at 2.9 g. per liter and the manganese dioxide 
conoentration increased to 0.066 g. and 0.33 g. per liter, respectively. No 
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coagulation was observed in either system at the end of 24 hr. in the pres¬ 
ence of 60 millimoles of potassium chloride or of barium chloride. 

TABLE 1 


Protective action of colloidal silicic acid on manganese dioxide sols 


SYSTSMS 

FLOCCULATION VALUES IN MILLIMOLES PEB LITER 


KCl 

BaCh 

Th(NOi)4 

MnOs. 

5.6 

0.044 

0.002 

MnOj-SiOi; 

0.12 g. Si 02 per liter. 

60* 

60* 


0.59 g. SiOs per liter. 

60t 

60t 

0.012 

2.9 g. Si02 per liter .... . 

60t 

60t 



* No coagulation at the end of 24 hr. 

t Weak gels were formed in these systems over periods ranging from 48 hr. to 
9 days. 



MILLIMOLES POTASSIUM CHLORIOC PER LITER 

Fig. 1 



0 0,03 0.06 

MILLIMOLES BARIUM CHLORIDE PER LITER 

Fig. 2 


MOBILITY STUDIES 

Mobility measurements were made by an ultramicroscopic method. A 
velocity~-depth curve was constructed and the value of the true mobility 
obtained from the area under the curve (16). 

The following data are on manganese dioxide sols containing 0.013 g. 
of the dispersed substance per liter and on mixtures of manganese dioxide 
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with colloidal silicic acid. The concentrations of manganese dioxide and 
silica in the mixtures were 0.013 g. and 0.59 g. per liter, respectively. 



MILLIMOLES THORIUM NITRATE PER LITER 

Fig. 3 Fig. 4 



MB-LIMOLES THORIUM NITRATE PER LITER 

Fig. 6 


The effects of potassium chloride, barium chloride, and thorium nitrate 
on particle mobility are shown in figures 1, 2, and 3. The mobility curves 
for the protected and unprotected systems demonstrate that the buffering 
effect of silicic acid is much greater with thorium nitrate than with the 
other two electrolytes. 
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Mobility data for the systems comprising the mixture and for the mix¬ 
ture itself are given in figure 4 in relation to hydrogen-ion activities. The 
acidities were adjusted with nitric acid. The mixture and the manganese 
dioxide coagulated at pH 3. The curve for colloidal silicic acid was ob¬ 
tained by a re-plot of the data from a previous study (5). Neither silicic 
acid (6, 9), manganese dioxide (6), nor the mixture^ was recharged at the 
acidities investigated. 

The mobility behavior of colloidal silicic acid with thorium nitrate is 
recorded in figure 5. The particles coagulated when their mobility was 
reduced to about 0.7 m per second per volt per centimeter. Higher con¬ 
centrations of thorium ions recharged the silica and yielded a stable 
sol.* 


DISCUSSION 

The critical potentials of potassium chloride, barium chloride, and 
thorium nitrate for the manganese dioxide sol used in preparing the mix¬ 
tures were, in terms of mobilities, 2.4, 0.4, and 2.0 m per second per volt 
per centimeter. The first and last of the electrolytes lowered the mobility 
of the particles in the mixture below their critical potentials for man¬ 
ganese dioxide without the precipitation of this substance occurring. 

The critical mobilities of potassium chloride and barium chloride for 
silica sols of the same order of concentration as employed here have been 
determined to be less than 0.4 ^ per second per volt per centimeter (5). 
The corresponding value for thorium nitrate is 0.7 ju per second per volt 
per centimeter. Since the critical potentials of the electrolytes arc lower 
for silica and for mixtures of silica and manganese dioxide than for pure 
manganese dioxide, it seems plausible to assume that the stability of the 
particles in the mixtures is due to a silica covering established by adsorp¬ 
tion. 

For purposes of studying the state (6, 8) of the particles in the mixtures, 
a criterion was sought which would enable a rigid distinction to be made 
between the elcctrokinetic behaviors of colloidal silicic acid and of col¬ 
loidal manganese dioxide comprising the mixtures. Sharp contrasts of 
kind were not found, however. Some of the parallel behaviors are sum¬ 
marized here. Thus, both systems were recharged by thorium ions but 

^‘Mattson (13) has shown that soil colloids having a high silicarsesquioxide ratio 
are not recharged in acid solution. 

* It has been pointed out that silicic acid sols are difficult to recharge (5). Many 
substances containing silica have been recharged, however. Among these is glass, 
for which data are available with thorium ions. White, Monaghan, and Urban (15) 
determined the isoelectric concentration to be of the order of 10~®M. In the present 
investigation an isoelectric concentration of 1.2 X 10”^*M was found for a silicic acid 
sol containing 0.59 g. of silica per liter, while for a sol containing 0.12 g. per liter 
the concentration of thorium ions corresponding to zero mobility was slightly less 
than 4 X 10''*M. 
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neither gave an irregular series.* Likewise, neither of these acidic oxides 
was recharged by hydrogen ions at a concentration corresponding to pH 
1 . 6 .-^ 

The fact that the particles in the mixtures were homogeneous with 
respect to migration velocity supports the conclusion that the silica and 
manganese dioxide were mutually adsorbed. It was found that addition 
of increments of colloidal silicic acid to the manganese dioxide sol pro¬ 
gressively lowered the mobility of the particles until, at the composition 
corresponding to a silica content of 0.59 g. per liter, the particles had the 
same mobility as a pure silica sol of the same concentration. This result 
is comparable to that obtained on adding gelatin to a manganese dioxide 
sol (7), a case in which the idea of mutual adsorption is accepted. 


TABLE 2 

Sign of charge on the particles 


OOMOBHTBATIOK 0¥ TROBTOll MTIBATB 

BXON or CHABOB ON TEN PABTICLm 

mUlimoitt per liter 

0.0120 

Negative* 

0.0128 

Negative* and positive* 

0.0132 

Negative* and positive* 

0.0136 

Positive 

0.0140 

Positive 


* The velocity values were of varied magnitude in these cases. 


The rule of homogeneous particle mobility was violated in certain of 
the systems containing electrolytes. Thus, in mixtures with potassium 
chloride in concentrations greater than 2 millimoles per liter, more than 
one mean mobility value was observed. A more pronounced anomaly was 
encountered with thorium nitrate over a very narrow range of concen¬ 
trations in mixtures near the isoelectric point.® Migration of particles 
to both the anode and the cathode was observed. The results are shown 
in table 2, 


SUMMARY 

1. Silica sols increase the stability of colloidal manganese dioxide to¬ 
ward potassium chloride, barium chloride, and thorium nitrate. 

2. The protective action has been explained on the basis of mutual ad¬ 
sorption. 

* Concentrations to 60 millimoles per liter were used in an effort to coagulate the 
positive systems. 

* Losenbeck (U) has reported the recharging of silica at hydrogen-ion concentra¬ 
tions between 10~* and 10^. See, however, references 6 and 9. 

* Precipitation occurred in these mixtures within 24 hr. 
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3. No protective action was observed with nitric acid as the added elec¬ 
trolyte. 

4. Colloidal silicic acid is flocculated at low concentrations of thorium 
ions. The sol is recharged at concentrations of the order of 10~* to 10“"® 
Af. 

6. Neither silica sols nor manganese dioxide sols yield an irregular 
series with thorium ions. 
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FREEZING POINTS IN MIXTURES OF STRONG 
ELECTROLYTES^ 
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Randall and Vietti (17; cf. also 9, 10, 16) have proposed a plot of 
(l/ 2 +z_) log 7 ± against the square root of the ionic strength* as a means 

1 Clerical assistance of the Works Progress Administration O. P. No. 665--08~3-144 
is gratefully acknowledged. 

* Shell Fellow in Chemistry. 

* The notation in general is that of Lewis and Randall ( 6 ). The mean activity 
coefficient, y±, is defined as 

p In “ F+ In 7 + -h In 7 - ( 1 ) 

where 7 + is the activity coefficient and is the number of the positive ions per 
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of correlating activity coefficients in solutions of electrolytes. This plot 
has the advantage that the curves for different salts fall very closely 
together, at least at high dilution. The introduction of the factor 
serves to remove the wide divergences in the curves for different valence 
types, so that, for instance, the curve of barium chloride (2-1 type) is 
nearly the same as that of lanthanum nitrate (3-1 type). In the case of 
substances with only a few or inconsistent measurements this plot aids 
greatly in estimating a most probable curve. The z+z factor is justified 
by the interionic attraction theory of Debye and Huckel (2, 1). 

Randall and Cann (12; cf, 7) suggested a similar method of treating the 
freezing point lowering function for mixed electrolytes. They divided 
the function by the value of the limit which it approaches at infinite 
dilution, and plotted the result against the square root of the molality. 
They presented a typical curve for this plot. The present paper investi¬ 
gates the implications of their suggestion. 

SOLVENT ACTIVITY IN A SOLUTION OF MIXED ELECTROLYTES 

The theory of Debye and Huckel gives as a limiting law for the activity 
coefficient of the salt Xy in a dilute solution of mixed electrolytes, 

(3) 


formal molecule of salt, while v ^ v+ + The ionic strength, is defined as 
^ where is the molality of the kind of ion, and 2 , is its valence. 


The solution may be composed of the several binary salts X,. The molality of 
positive ions yielded by the salt X, is yy+w/ (whore m, is the molality of the salt) 
and that of the negative ions yielded by X/ is The ionic strength is then 

equal to 


1 

2 




the summation now extending over the various salts, rather than over the individ¬ 
ual ions. It is interesting to note that ft »» /u,-, where is the value which the 

ionic strength would have if only Xy were present at the molality m,; ionic strengths 
are additive. Since the total positive valence, i',+25y+, of Xy must equal its total 
negative valence vy~ 2 ,- (condition of electroneutrality), the factor (i'y+ 2 y+ + vy- 2 y-) 
which enters into the ionic strength may also be written as vy 2 y+ 2 y-. Hence the 
ionic strength may also be written in the form 

- Y myi>,*<+*r (2) 
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in which depends only on the nature of the solvent and on the 

temperature/’® This equation is in agreement with the principle of ionic 
strength proposed by Lewis and Randall.® 

The activity coefficient of the solvent may be obtained from those of 
the solutes as given by equation 3, by application of the Gibbs-Duhem 
(or partial molal) equation in the special form 

- (1000/Wi) d log (oi/ni) = ]C Virrij d log 7 *. (4) 

i 

the summation extending over all salts of the mixture.® The factor 
(1000/Wi), where Wi is the molal weight of the solute, has the value 55.51 
for aqueous solutions. The right-hand member becomes 

(2 Zi+Zi-Vjfni) 

3 

on substituting the value of log 74 from equation 3. The summation 
appearing here is simply twice the ionic strength, as is seen from equa¬ 
tion 2 . Hence equation 4 gives on integration 

-dOOOM) log (a,/Ni) = (Ad‘'V3) ( 8 ) 

* Randall and West (18) discuss equation 3 and give selected values of this constant 
for water as solvent at several temperatures. 

* It is to be noted that Debye and Huckel used an ionic activity coefficient 
7 * «* a»/N» defined in terms of the mol fraction, n*, of the ion X». For this mol fraction 
they used the symbol c*, which has unfortunately been interpreted frequently to 
mean concentration. However, the definition in terms of mol fraction is essential 
if, as they state, the right-hand member of equation 3 is to represent the deviation 
of the solution from ideality. This follows since an ideal solution is one for which 
the activity is equal to the mol fraction (or in the case of aqueous solutions 55.5lNt, 
in order to make a* approximate the molality; in this case y* =« a,/55.5lN»). In 
the limit of high dilution it makes only formal difference which definition is used; 
hence we shall adhere to the original definition in terms of mol fraction as more 
convenient at higher concentrations. 

* The Gibbs-Duhem equation itself is written for the solution of mixed electro¬ 
lytes as 

Ni d log ai -f N, d log Oi « 0 (5) 

the summation extending over all ions. However, since Ni d In Ni ■+• ^ n, d In n» 
must vanish identically as a result of the requirement that 

Ni 4- ^ N< » 1 (6) 

t 

equation 6 may be rewritten in the form 

Ni d log (oi/ni) + 2 nj d log 0./N, =■ 0 (7) 

» 

Equation 4 results finally by taking into account the definition of In 74 and the 
fact that ( 1000 /w,)n, 7 ni is equal to the sum of the molalities of the kind of ion 
furnished by the various salts X/. 
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This result may also be obtained directly from the theory of Debye and 
Hiickel. 

Equation 8 shows that the limit approached by the function [log 
(oi/ni)]/m*^* is independent of the nature of the solutes (provided they are 
all strong electrolytes). Thus we should expect this function to play a 
r61e in the estimation of solvent activities similar to that played by the 
function (l/«+z_) In y± in the estimation of solute activities. 

FBEEZmO point FUNCTION 

In the limit of high dilution the activity of the solvent becomes sensibly 
equal to its mol fraction. By virtue of equation 6 the limiting value of 
In at may be shown to be that of 

— In [l + (wi/ 1000 ) S m,] 

i 


which is 


-(Wi/iooo) 

% 

In this expression mi is the total ionic molality (i.e., the sum of the 

i 

molalities of all the ions). Thus, as we should expect, the definition of 
the freezing point function j is to be generalized as^ 

J = 1 - ff/(\ £ rm) (9) 

while the function h is defined as* 


j (1000/wi) In oi , 

A = -«-■+ 1 

JL^mi 


( 10 ) 


In these equations the usual expression, ym, for the total ionic molality 

is replaced by the expression 2 which may also be written ^ yj W,-, 

i i 

in terms of the salt molalities. The definitions given in equations 9 and 
10 must take this form in order that the functions h and j may approach 
zero at infinite dilution. 

Combining equations 8 and 10 , we find for the limiting value of the 
function h 


^ A L = 2.303 (Ad^'^S) 2^*'* ( 11 ) 


7 Here $ is the freezing point lowering and X the molal lowering. 
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Equation 11 holds only at very high dilution. The exprestion log (oi/ni) 
contains terms which vary like ft* and higher powers of in addition 
to those given in equation 8, while a term 

23 — (1000/wi) In Ni 

i 

was dropped from equation 11 because it vanishes like nK These terms 
are negligible as compared to the term in when n is small. The 
function j 23 differs from h^nii only by terms (15) which also vanish 

t i 

like (23 and hence like Thus equation 11 is also valid with j 

i 

substituted for A. 



Fig. 1 . Correlation of j functions for salts of various valence types 

From these considerations it is evident that the function j £ mi/2fjL^f^ 

_ % 

(likewise h 2 approaches the same limit (8), 2.303(Ad''V3)i 

i 

for all types of solutions of strong electrolytes at high dilution. It is this 
function of the freezing point lowering which we should expect to be 
nearly the same for all solutions of strong electrolytes up to moderate 
ionic strengths. Curves of j Yi versus are plotted in figure 1 

i 

for solutions of pure salts of several valence types.* 

For a single pure salt the factor Y is identical with 

where w is the valence factor tabulated by Randall and West (18), and m 


* Taken from an unpublished summary of all the data on freezing point lowering. 
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is the molality of the salt. This follows since nii reduces in this case 
to m. Thus * 

in which the term in square brackets is w. Since the freezing point func¬ 
tion is ordinarily tabulated in the form for electrolytes, it is only 

necessary to divide the tabulated values by the factor w in order to put 
them on the plot of figure L Since this factor ranges from unity for 1-1 
type salts to 7.35 for the 1-3 and 10.62 for the 2-3 type salts, it is evident 
that this change of scale has brought the curves for the different valence 
types into superposition remarkably well up to moderately large values 
of whereas otherwise they would be widely separated. 

This form of plotting has the advantage that it brings the curves for 
salts of different valence types into close superposition. Thus it is possible 
to estimate the freezing point function for a salt of one valence type from 
that of a salt of different valence type. A single measurement of freezing 
point lowering (or a set of inconsistent data) may be located on the plot 
with the help of the theoretical valence factor. The complete curve may 
then be sketched in with considerable certainty by analogy to the curves 
for well-known substances. The method has the advantage of permitting 
the complete set of curves for substances of all valence types to be used 
in the estimation, rather than only curves for substances of the same 
valence type. 

Values of the solvent activity (i.e., In ai) may be calculated directly 
from the estimated values of the freezing point function. It may also 
be desired to calculate the mean activity of the salt from these data. For 
this purpose the equation 6 of Randall and White (19) may be put in 
the form* 


In a±/m± = — ft — 2z+z- f Qilwm^^^) (13) 

Jo 

In o±/jn± — — 3 — f {j/wm^'^) 

•^o 

+ 0.00057 r - 55.61 [” i d(2.303*) (14) 
Jo m Jo m 

which is convenient for direct evaluation of the integrals from the plot of 

figure 1. 
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MIXED ELECTROLYTES 

In a mixture of electrolytes, all of the same valence type, the factor 
21 reduces to l/wCEl where w is the common valence factor 

< , / 

and 2-) IS the total molality of the salts. It thus has the same value 
i 

that it would have for any one of the salts of this valence type at the 
same total molality (i.e., same ionic strength). 

Hall and Harkins (3) measured the freezing point lowering of equimolal 
mixtures of potassium chloride and nitrate, and of sodium and potassium 
iodates, over a fairly wide range of concentrations, and found in each 
case that the freezing point lowering was substantially the mean of the 
freezing point lowering of the individual salts at the same total concen¬ 
tration. This leads readily to the conclusion that in these cases the func¬ 
tion j 2 for the equimolal mixture is the mean of those for the 

t 

pure salts at the same ionic strength. Harkins and Roberts (4) found 
similar results with equimolal mixtures of sodium and potassium sulfates. 

These results with pairs of salts of the same valence type are in close 
analogy with the findings of Randall and Breckenridge (11; see also 14 
and 13) that the activity of a single electrolyte in a mixture varies approxi¬ 
mately linearly with the molal proportions of the two salts at constant 
ionic strength. From these considerations we are led to suspect that 
3 2 will vary approximately linearly with the molecular propor- 

i 

tions of the salts in a mixture of different as well as like valence types. 

The data of Hall and Harkins (3) and of Harkins and Roberts (4) for 

salts of the same valence type do not offer a serious test of the importance 

of the valence factor in j ^ since that factor does not vary 

% 

with varying proportions of the salts. The only freezing point data avail¬ 
able for salts of mixed valence type appear to be those of LeBlanc and 
Noyes (5).® From these we have calculated the values of j 2 

i 

for the mixtures of the nitrates of sodium, potassium, lead, and strontium.^® 
These values are plotted in figure 2 against the square root of ionic strength, 
together with curves for the pure salts.® While the data are hardly suffi¬ 
cient for a complete test of our hypothesis, it is seen that in every case 
the experimental point for a mixture falls between the curves for the 
pure components at a position approximately proportional to the two 
salts in the mixture. 

This property of the plot of j ^ (likewise ft 23 e;ersus 

i i 

• The original data are given in mols per liter. 

The oases chosen are the only ones which could be considered free from compli¬ 
cating reactions. 
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permits the estimation of free 2 ang points (and likewise solvent vapor 
pressures) of solutions of mixed electrolytes from data for solutions of 
the pure salts (or from data for other salts if necessary). It is also useful 
in interpreting freezing points of mixtures of electrolytes formed from 
solutions of a pure salt by chemical reaction. 



Square Root of Ionic Strength, 

Fig. 2. Correlation of j functions for mixtures of some nitrates. Point A, 0.5 C 
potassium nitrate; point B, 0.5 C potassium nitrate and 0.25 C lead nitrate; point C, 
1.0 C potassium nitrate; point D, 0.5 C lead nitrate; point E, 0.5 C potassium nitrate 
and 0.5 C lead nitrate; point F, 1.0 C potassium nitrate and 0.5 C lead nitrate; point G, 
0.5 C sodium nitrate; point H, 0.5 C sodium nitrate and 0.25 C lead nitrate; point I, 
0.5 C sodium nitrate and 0.5 C lead nitrate; point J, 1.0 C sodium nitrate; point K, 
1.0 (7 sodium nitrate and 0.5 C lead nitrate; point L, 1.0 C potassium nitrate and 
0.5 C strontium nitrate; point M, 0.5 C strontium nitrate; point N, 1.0 C sodium 
nitrate and 0.5 C strontium nitrate. 


SUMMARY 

1. The curves of for salts of different valence types may be 

brought into approximate superposition by dividing by a valence 

factor w, A plot of versus the square root of the ionic strength 

permits convenient estimation of solvent (and solute) activities and 
freezing points for salt solutions for which data are lacking. 

2. For solutions of mixed electrolytes the procedure is generalized by 

plotting the function j ^ against the square root of the ionic 

i 

strength, being the total ionic molality. For this purpose the 

function j must be defined as 1 — 0/\ ^ »»,•. 
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3. A like procedure may be employed with the function A, while a plot 
of the quotient of log solvent activity by against ionic strength should 
have similar properties. 
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THE PREPARATION OF FLUORESCENT CALCITE 
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Certain specimens of natural calcite, such as those occurring at Franklin, 
New Jersey, show a rose fluorescence when excited by ultraviolet. Accord¬ 
ing to Pringsheim (6), this is to be ascribed to the presence of manganese 
as activator. Such calcite is unique among natural phosphors, in that it 
has resulted from a sedimentation rather than from an igneous process. 
This distinction has stimulated attempts to produce it experimentally. 
Of several methods tried by the author, the most successful proved to be 
the precipitation of the carbonate in the presence of a manganese salt. 
The excitation of its fluorescence was stronger in the far ultraviolet in the 
neighborhood of the resonance line of mercury, 2536 A., than in the near 
ultraviolet. The conditions for precipitation had to be so chosen that 
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calcite crystallized out rather than aragonite, a fluorescent form erf which 
could not be prepared. 

The inability of a thermal treatment to form true fluorescent calcite was 
shown by tests in an atmosphere of carbon dioxide. When the fluorescent 
mineral, which is naturally white, was fired, a non-fluorescent product was 
obtained at all temperatures, darkened by decomposition of the man¬ 
ganese carbonate and liberation of manganese oxide. Thermal treatment 
of synthetic mixtures did nevertheless produce fluorescence when a mixture 
of calcium oxide or carbonate with less than 0.1 per cent of manganese 
oxide was fired under such conditions that a calcium oxide was formed 
which contained a small amount of carbonate. The brightest fluorescence 
resulted by introducing 0.005 per cent manganese as oxide to the carbonate 
and by firing at 1000®C. in an atmosphere of carbon dioxide for a period of 
30 to 60 min. The resulting phosphor was a calcium oxide which still 
retained 1.5 to 10.0 molar per cent of calcium carbonate. Its phos¬ 
phorescence was negligible. 

Its characteristic rose fluorescence disappeared when the carbonate was 
completely decomposed by firing in air. It is, therefore, distinct from the 
oxide phosphor emitting red fluorescence, which can be prepared by firing 
at 1000®C. in air a mixture of calcium oxide or carbonate with manganese 
activator in the presence of a suitable flux. This latter phosphor is prob¬ 
ably the fluorescent calcium oxide obtained by Nichols (5) in his studies on 
the fluorescence of calcite. 

The rose fluorescence of the calcium oxide-carbonate phosphor dis¬ 
appeared also when the carbonate content was unduly increased by firing 
the phosphor in carbon dioxide at a temperature below 800®C. The upper 
limit of carbonate at which fluorescence could still be just barely perceived 
corresponded to about 50 molar per cent. In the absence of manganese, 
no fluorescence could be observed at any proportion of carbonate and 
oxide. The product is, therefore, not to be confused with those phosphors 
in which the introduction of a foreign salt of the same metal ion serves as 
activator (2). Furthermore, it is essentially different in composition from 
the natural mineral. 

A successful s 3 rnthesis of the natural fluorescent calcite was carried out 
by precipitating the carbonate from a mixture of calcium and manganese 
chlorides with a solution of ammonium carbonate at a temperature not too 
high. As the manganese content was increased, the fluorescence was 
found to rise to a peak and then to decrease. The optimum concentration 
for the solution of chlorides was at a composition of one atom of man¬ 
ganese to thirty of calcium. The other conditions favorable to a maximum 
intensity of fluorescence were (/) the use of dilute solutions containing 
1.8 per cent of CaCla-6H*0 and 1.5 per cent of (NHOaCXlt-HjO, (£) a 50 
per cent excess of ammonium carbonate, and .(8) predpitation at about 
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70°C., followed by holding at room temporaiure for several we(*ks before 
filtering or, more effectively, by boiling for 10 min. Under Ihese con¬ 
ditions the precipitate, whe^ther wet or dry, had a fluor(*sc('nce that was 
30 per cent of that of natural (alcite from Franklin, X('W Jers('y, and was 
of the sam(» ros(' color. Furthermore, its phosphorescence was similar in 
intensity and duration. It made no difference whether the carbonate 
solution was add(‘d to th(‘ chloride or vice versa. 

Fhe products wen* pure white in color. Fhe diffraction j)att(‘rns of some 
typical on(\s, obtaiiK^d with MoK„ radiation through the court(‘sy of I.. T.. 
Wyman and E. T. Asj) of this laboratory, an* shown in figure* 1. The un- 
r(*flected l)eam, which is not shown in th(‘se patterns, lies to the* h'ft, and 
the angle of r(‘fl(*(*tion b(*com(‘s ])rogresMV(*ly great<‘r as oik* pass(*s from 



Fk; 1 . Modifk'd fornhs of ralciiini carbonate a, i)rccipitatcd ara;<onito without 
manganese, 1), natural aragonite: e, natural ealeite; d, precipitated calcite without 
manganese; e, jirecipitatod calcite with Iti.h molar per cent nuinganese: f, mangan(‘wse 
carbonate. 

l(‘ft to right. Tlu* limit at tlu* right-hand sidt* of the pattern represents a 
90® refiection angle*. In the abse*ne*e e)f manganese, the pattern is identical 
with that e)f natural calcite, which crystallizers in the rhennbohedral form. 
This is sheiwn liy a ceanparison e>f patterns c and d. 

When the* calcite* was pivcipitateel in the presenie*e* e)f mangane\se*, how- 
e've'r, a contractiein in the* lattice* parame*ter was e)bserve*d, .slight in the 
e*ase* e)f 3.3 molar per cent e)f manganese with refere*nce te) the cale*ium, 
the^ e*one*t*ntration which yie*lde'd the most intemse fluoivscence, but meire 
pre)ne)unce*d at 10.6 molar per cent. At the latter concemtration the* ce)n- 
trae'tion is in fact e}f sufficient magnitueie to have a pronouncerd effe*ct upon 
the pe)sition of the lines within the 90® reflerction range e*overed by the 
diffraction ])atterns e)f figure 1. This is shown by a comparison of pattern 
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d for the pun* carbonate with pattern e for the carbonate with 16.0 molar 
per cent mangan('S(\ In the latter the same pattern of lines persists, but< 
the lines are displaced toward the right to an extent that increases with 
the angle of reflection, ’'lliis denotes that th(» crystalline KStructiire is un¬ 
altered ex(H'pt for the reduction in latticT* spa(‘ing. Fluorescence' was still 
present at this higher concc'ntration of mangaiu'se', though considerably 
reduced. A change in lattice size that results from the introduction of an 
activator eleme'iit has also b(‘en obse'rve'd in th(‘ case of zinc and cadmium 
silicate phosphors containing manganese (3). Such change's signify 
that the activator has ada[)te*d itself te) the' lattice' e)f the' basic material 
and that its atemis are sul)stitute'd for e)ce*asional atoms e)f the l)ase. In 
this case it is ne)t surprising that mangane'se has ben'ii sul)stitute'd fe)r 
calcium, tor the carbonate's of both crystallize' in the' same' form. The 
only diffe're'iice is that the lattie^e e)f mangane\sc‘ e*arl)()nate.rhode)chre)site, 
is constructe'd on a cemsiderably smalk'r scale', bc'e'ause' of the' smaller size' 
of mangane'se, the* radius of whose* ion me'asiux's 0.91 A. as e*ompar(*d with 
1 .06 A. for calcium. Its pattern is she)wn in figure If, take'u of a pre'e*ipitate 
fe)rmed by adding amme)nium e'arbemate* te> a se)hitie)n of mangane'se' 
chloride. A cemiparisem e)f f with d and e* brings e)ut the* identity of latt.ie*e 
form and the incre^asing contractiem in lattie'e* spacing that ae'e*e)mi)anie*s 
the change* from pure calcium carbonate to j)ure' mangane'se* carbonate*. 
The effect of a feu'eign ek*ment on the lattice paramete'rs of a elouble salt 
obtained by precipitation has also bt'en observed by Averell and Waldeui 
(1) for the case of barium sulfate precipitated in the prc'sene'e of p(*nnan- 
gariate ion. 

No fluorescence could be* observed in carbonate\s precipitated as calcite 
from solutions containing k*ad, copper, bismuth, or samarium as possible* 
activators. 

When tlie precipitation was carried out altogether at 10()°r., there* was 
formed in both dilute and concentrate'd solutions the* allotropie* orthorhom¬ 
bic form of aragonite. Its structure is shown in pattern a, identical with 
pattern b of the natural mineral, aragonite*. This e*ff(‘ct of tempe'rature* of 
precipitation in determining the crystalline* characte*r of the carbe)nate is 
in accord w'ith the e^arly observations of Re)se, edited by Mellor (4), but 
seems to be not altogether in accord with the late'r experie*nce of Adler, 
also cited by Mellor. 

When the precipitation at 100®C. was carried out in the presence of 
3.3 molar per cent manganese with re'ference to e*ak*ium, the product ex¬ 
hibited a pattern which was still identical with the aragonite pattern of 
a. It was non-fluorescent. With 16.6 molar per cent, however, a radical 
(‘hange appeared. The calcium carbonate, precipitated under the con¬ 
ditions for aragonite, was compelled by the presence of this larg('r amount 
of manganese carbonate to adapt itself to the ^k'alcite'’ structure, so that 
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the same pattern was obtained that resulted when the precipitation was 
carried out at lower temperatures under the conditions for yielding calcite 
in the presence of the same amount of manganese, as exhibited in pattern 
e. Both of these products emitted the same low red fluorescence, despite 
the difference in preparation. The formation of the ^‘calcite'^ rather than 
the ‘^aragonite’^ structure can therefore be accepted as the determining 
factor for the occurrence of fluorescence under activation by manganese. 

Attempts to prepare fluorescent aragonite by precipitation failed also 
when lead, copper, and samarium were used as possible activators. Fluo¬ 
rescent aragonite does, nevertheless, occur in nature. A specimen from 
Girgenti, Sicily, examined by the author was unexcited by 2536 A. but 
under 3650 A. emitted a rose fluorescence. 
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INTRODUCTION 

When solutions of copper sulfate and sodium silicate are mixed a blue- 
green precipitate forms. This precipitate is of varying composition (4) 
and may or may not be gelatinous depending upon the Cu0:Si02 ratio 
of the initial solutions. The precipitate or gel may be boiled*, or the dried 
material may be heated at 100°C., without turning black. Neville and 
Oswald (6) have shown that a copper hydroxide suspension does turn black 
upon boiling but that gelatin will stabilize and protect this precipitate. 
Because of this fact Weiser (9) suggests that the precipitate obtained upon 


1 William L. Heim Research Fellow, 1937-39. 
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mixing copper sulfate and sodium silicate solutions may be blue copper 
hydroxide stabilized by hydrous silica. It is the purpose of this investiga¬ 
tion to establish the composition of this precipitate with the aid of x-ray 
powder analysis. 


PREPARATION AND ANALYSIS 

The materials were precipitated by mixing M/\0 copper sulfate and 
ilf/10 sodium metasilicate solutions in varying proportions. The majority 
of the precipitations were carried out at the boiling point, but a few were 
made at room temperature. The principal difference detectable by x-rays 
in the products obtained by precipitation at various temperatures appears 
to be one of particle size only. The materials to be discussed here will be 
those obtained by precipitation from boiling solutions, since the larger 
particle size is more satisfactory for x-ray analysis. After mixing, the 
solutions and precipitates were maintained at the boiling temperature for 


TABLE 1 

Results of chemical analysis 


VOLUlfl OF N/10 

CuSO4ToAf/10 

NaiSiOs 

TOTAL 

WlBiaHT Loas ON 
IGNITION 

TOTAL* 

CuO 

SOi 

SiOs 


per emt 

per cent 

percent 

percent 

per cent 

2 to 1 

65.29 

16.63 

1 12 

33.03 

99.4 

1 to 1 

59.48 

14.93 

9.94 

29.99 

99.4 

1 to 2 

48.30 

0.97 

35.65 

14.57 

98.5 


* Above total equals CuO plus SiOa plus weight loss on ignition. 


10 to 15 min., washed by decantation, transferred to a filter, and washed 
again. They were then dried to constant weight in an oven at 65“70®C. 
The results of a chemical analysis of these materials are tabulated in table 1. 

X-ray spectrograms were obtained of all the materials. The patterns 
were taken using copper K® radiation (0.001 in. nickel foil filter) obtained 
from a Philips Metalix tube operated at 38 kilovolts and 14 milliamperes. 
The exposure time was 10 hr. in a previously calibrated cylindrical camera 
of 69.10 mm. radius. The samples to be analyzed were ground in an agate 
mortar, pasted on a hair with a little petroleum jelly, and rotated during 
exposure. Also, pinhole patterns were taken of all the materials in order 
to follow variations in particle size. 

DISCUSSION 

The wet precipitates varied from those which were easily filtered to those 
which came down in a voluminous, gelatinous mass, while the color varied 
from a pale greenish blue to deep blue. These properties were found to be 
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in direct order with increasing silica coiiteiit and with decreasing particle 
size, as shown by the pinhole patterns. With the exception of those 
[)recipitat('s which contain a relatively large amount of silica, i.(‘., those 
made using mor(» than one volume of M /lO sodium silicate to one of A//10 
coi)per sulfate, th(‘ matcuials are definitely crystalline. Also, all thc^ 
mat(‘rials prepan^d exhibit the same basic diffraction pattern. Even in 
the d(‘ns(* background scattering which appears on the patterns of th(‘ 
essentially non-crystalline materials, oin^ can easily find weak lin(\s cor¬ 
responding to the strongest lines of the crystalline materials. 

Diffraction j)att('rns of a great variety of known materials were obtained 
in an effort to establish the identity of this unknown material which is 
common to all the pn^cipitates. That th(‘ material is not blue coi)per 
hydroxide' is quite (‘vident by n'h'rence to figure 1. This figure shows 
tyi)i<‘al patterns of the unknown matf'rial with comparison patterns of 
blue copper hydroxide (stabilized by the' addition of g('latin), the rare 
(‘opper silicate' mineral die)ptase, and the' more common mine'ral chrysocolla. 
Mine'rale)gical literateire (2) records several analyses of die)ptase which show 
(‘onclusively that it is C'uSi() 3 -H 2 (). Chrysocolla is thenight to be the' 
dihydrate', but it eie'curs in nature intimately mixe'd with impurities so that 
its e‘e)mj)osition is ne)t e'e'rtain.- It is improbable that anhydrenis ce)ppe'r 
silie*ate‘ e-an e*xist as sue*h. Upem heating either die)ptase' or chrysoce)lla te) 
a tempe'rature' at which wiitvY is given off (ca. 5()0°(J.) tlu' samplers ele‘- 
cr('])itate, de'e*e)mpe)sing completely into cupric oxide and the a-quartz 
me)difi('atie)n e)f silie*e)n die)xide. 

Pe)snjak anel Tunell (7) inve'stigated with cemsiderable thore)ughne\ss the 
system cupric oxide sulfur trioxide-water. Among their re\sults tlu'V 
re‘e*e)rele'd powde'i* x-ray diffractie)n data for several of their basic ce)ppe'r 
sulfate's, the' identities e)f which are e*onclusively e'stablislu'd. Table 2 
re'e'e)rds the'ir data for se\'e*ral of tlu'se e*ompounds and compaius them with 
tlmse* e)btaine'd fe)r the' preM'ipitatexl ‘h'opper silie*ate*s.” Be)th the* lulative 
intensitie's of the' lines and the inteTiilanar spacings agree very we'll.** The 
unkne)vvn crystalline mate'rial pre'sent in all the* pre'paivd pre'e'ipitates is 
thus she)wn to be a mixture e)f the basic sulfate's 4 CiiO-S 03 * 3 H 20 and 
3(\i().S().v2H20. 

Chemical analysis e)f the pre'pared materials suppe)rts the* fact that they 
cemsist e)f a basie* e*e)pj)er sulfate plus some e)the'r ame)rphous material, 
presumably hydrous silie^a. Atte'inpts to calculate* the e)riginal analysis 

^ C'h('inir*al analyse's made* on the? mineral samploH from which the x-ray patterns 
were obtainenl (figeire 1) agreed we*ll with the analysis recorded by Doelter (2). 

'rhe slight discrepancies are accoiinte*d for by the fact that Posnjak and Tunell 
obtained their data using molybdenum radiation and General Electric cassettes, 
whereas the data recorded in column 1 of table 2 were recorded in a cylindrical 
camera using copper radiation. 
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Fig. 1. Diffraction patterns taken in a cylindrical powder camera, using copper 
radiation, a, typical pattern obtained when equal, or excess, volumes of copper 
sulfate were used in precipitation; b, typical pattern obtained from materials of 
higher silica content; c, blue cupric hydroxide; d, dioptase; e, chrysocolla. 

to mole ratios of CuO, Si() 2 , SO 3 , and H 2 () which were very nearly whole 
numbers ended in failure. However, if the silica is subtracted from th(^ 
original analysis and the resulting composition recalculated to 100 per cent, 
then table 3 shows that the mole ratios for some of the compounds are 




TABLE 2 


Diffraction pattern data 


UNKNOWN MATNRXAL 

4CuO SOa-SHiO* 

3CuO SOa 2H20* 

/••t. 

Spaoin«8 

leat. 

Spacings 

/eat. 

Spacings 


i. 


i. 


A. 

4 

6.5 

7 

6.20 



2 

6.9 



5 

5.83 

8 

6.36 

7 

5.25 

4 

5.35 

1 

4.99 



7 

4.80 

1 

4.33 





10 

3.90 

9 

3.83 



0.6 

3.52 



7 

3.58 

6 

3.20 

4 

3.14 

1 

3.31 

3 

2.92 

2 

2.88 

2 

3.07 

3 

2.79 



3 

2.99 

5 

2.68 

7 

2.65 

2 

2.73 

2 

2.60 

1 

2.58 

4 

2.67 

10 

2.52 

10 

2.49 

9 

2.55 

1 

2.46 

1 

2.44 

1 

2.48 

2 

2.38 

1 

2.36 

2 

2.42 

2 

2.28 

2 

2.26 

1 

2.37 

3 

2.19 

3 

2.17 

1 

2.31 

1 1 

2.14 

1 

2.12 

1 

2.25 

2 

2.08 

2 

2 06 

10 

2.12 

2 

2.02 

1 

2.00 

1 

2.06 

2 

1.962 

2 

1.95 

1 

2 01 



1 

1.88 

1 

1.94 

2 

1.818 

1 

1.81 

1 

1.83 

6 

1.744 

5 

1.73 

1 

1.81 

1 

1.712 

1 

1.70 

5 

1.63 

2 

1.672 

1 

1.66 

1 

1.56 

1 

1.633 

2 

1.62 

1 

1.55 

2 

1.596 

1 

1.69 

7 

1.60 

3 

1.561 

2 

1.56 

1 

1.48 

2 

1.634 

2 

1.53 

2 

1.44 

2 

1.500 

3 

1,50 

2 

1.39 

2 

1.463 

1 

1.46 

2 

1.31 

2 

1.432 

1 

1.42 

3 

1.28 

3 

1.409 

2 

1.39 

1 

1.24 

1 

1.369 



1 

1.21 

1 

1.336 

1 

1.33 

1 

1.19 

3 

1.311 

2 

1.31 

1 

1.16 

2 

1.288 

1 

1.28 

2 

1.10 

1 

1.143 



1 

1.06 

0.6 

1.095 





0.6 

1.083 





0.5 

1.073 





1 

1.058 





0.6 

0.999 





1 

0.978 





0.5 

0.906 






♦ Columns 2 and 3 reproduce the data recorded by Posnjak and Tunell (7). 
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very nearly whole numbers. The values used here as equal to the water 
content were obtained by subtracting the per cent of sulfur trioxide from 
the weight loss on ignition. It is highly probable that some water would 
be held rather tenaciously by hydrous silica, resisting the original drying 
at 70®C., thereby making the values recorded in table 3 too high. Sam¬ 
ples made from solutions containing more silica than lCu0:lSi02 ap¬ 
parently do not contain enough sulfate sulfur to make it possible for them 
to combine all the cupric oxide as basic sulfate. 


mu 

■ 

1^ 


■■IIIIIIH 

■n 

■ 

i[imi 



Spacings in A. 


Fig. lb. A, copper sulfate-sodium silicate reaction; B, brochantite, 4CuO'SOi* 
3HsO (by Posnjak and Tunell). 


TABLE 3 
Mole ratios 


Analysis, as in table 1, recalculated to 100 per cent after subtracting the SiO* from 

the total as found 


YOLVum OF M/10 CuSOi to jlf/10 NasSiOi 
U8BD IK PBBPARATXOK 

MOX.B RATIOS 

CuO 

so< 

HfO 

2 to 1 

4.00 

1.01 

4.44 

1 to 1 

4.00 

1.00 

4.47 

1 to 2 

4.00 

0.08 

4.97 

P & T calculated*. 

4 

1 

3 

P & T found. 

4.00 

1.01 

3.16 



♦PAT are the values of Posnjak and Tunell for 4 CuO-808*3 HjO. 


Attempts to recalculate the original analysis subtracting sulfur trioxide 
(instead of silicon dioxide as in table 3) showed a constantly varying ratio 
of Cu0:Si02 which approximated whole numbers in only one case. The 
sample made from one part of sulfate plus two parts of silicate showed a 
1:1 :li ratio of Cu 0 :Si 02 :H 20 , but the few lines obtained on the x-ray 
pattern agreed with those of the basic copper sulfate and not the mono¬ 
hydrate of copper silicate. 

While igniting the materials in a porcelain crucible over a Bunsen burner 
a yellow ^^center^^ was found to develop in many cases, especially in those 
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precipitates of high sulfate content. This same yellow material was found 
when copper sulfate pentahydrate was heated at 600-650°C. for a short 
time. Binder ( 1 ) reported finding such a compound and ascribed to it the 
formula S 03 * 2 Cu 0 . Comparison of the spacings of this material with 
those given by Hanawalt, Rinn, and Frevel (3) for anhydrous cupric 
sulfate finds very little agreement, showing that the yellow compound 
is apparently not anhydrous cupric sulfate. All the prepared materials 
completely break down into cupric oxide and of-quartz upon heating to 
constant weight over a Bunsen burner. 

Basic copper sulfates readily form upon the addition of alkali to dilute 
solutions of copper sulfate ( 8 ). Thus the condition of alkalinity brought 
about by hydrolysis of a sodium silicate solution favors the formation of a 
basic sulfate. Also, hydrous silica is not necessary to stabilize or protect 
the complex sulfate, for equal volumes of M /10 copper sulfate and M /10 
sodium oxide (M/5 sodium hydroxide) solutions upon mixing yield a 
precipitate which is identical in every respect with the ^‘copper silicate^^ 
precipitates. 

The silicate ion in aqueous solution is protected by a hydrated shell ( 8 ) 
which would tend to make it inactive. Also, upon the least provocation, 
such as slight acidity, hydrous silica is thrown out of solution. Several 
stoichiomctrically possible equations may be written for the copper 
sulfate-sodium silicate reaction which will account for the products. If 
we write for the reaction the following equation: 

4CuS 04 + 2Na2SiC)8 + 6 H 2 O 4Cu0.S03-3H20 + 2H2Si03 + 

2Na2S04 + H2SO4 

then silicic acid itself may be one of the products. Also, acid is generated 
by the reaction, thereby supplying the condition necessary to throw down 
silica gel from any excess sodium silicate which may be present. If 
hydrous silica does accompany the basic copper sulfate precipitate, no 
matter what the proce.ss by which it is formed, it would account for the 
excessive background scattering present on the diffraction patterns. 

SUMMARY 

1 . M/10 copper sulfate and sodium silicate solutions mixed at the boiling 
point yield characteristic precipitates. These precipitates vary from 
light bluish green to deep blue in color and from crystalline to colloidal 
in size as the concentration varies from excess sulfate to excess silicate, 
respectively. 

2. These prepared materials were shown by means of x-ray analysis, 
supported by chemical analysis, to consist of basic copper sulfate, 
4 Cu 0 ‘S 03 « 3 H 20 , or a mixture of this compoimd with SCuO^SOs- 21120 . 
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Also, all these materials were found to occlude varying amounts of an 
amorphous material, essentially silica. 

3. Hydrous silica is not necessary for the stabilization of the complex 
compounds. 

4. Reasons are discussed to explain the formation of such a compound 
rather than the copper silicate to be expected in such a reaction. 

The authors are indebted to Dr. Harvey A. Neville, Head of the De¬ 
partment of Chemistry and Chemical Engineering of Lehigh University, 
for his valuable criticism of their paper. 
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Tie lines connecting compositions of conjugate solutions on ternary 
liquid diagrams appear to converge to a point on the extension of the base 
of the triangle. Taraaenkov and Paul’sen (2) have attempted to locate 
this point mathematically by writing an equation for tie lines, but these 
authors failed to take into account the fact that compositions on a ternary 
chart must be translated to the rectangular system of cobrdinates before 
substituting such compositions in the equation. These authors, more¬ 
over, concluded that tie lines converge to a common point. 

The mathematical method of the present article corrects the error made 
by Tarasenkov and Paul’sen and presents data to show that tie lines for 
less concentrated solutions have no common focal point. 
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Referring to figure 1, we observe that any point, such as Pi, represent¬ 
ing a ternary mixture of components A, B, and C, may be located on a 


c 



Fio. 1. Location of ternary compositions on rectangular coordinates 


TABLE 1 


Points of intersection of tie lines with extended base of triangle 
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< 
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< 

3.5 

14.8 

14.5 

24.9 

1.6 

16.5 

0.4 

23.3 

3.7 

2.4 

19.5 

3.8 

95.9 

22.3 

5.7 

5.9 

7.3 

28.3 

14.5 

29.6 

4.4 

25.6 

1.1 

28.3 

8 1 

9.6 

24.3 

10.8 

95.8 

33.9 

5.1 

6.9 

6.6 

32.2 

15.1 

33.7 

4.4 

31.5 

0,8 

38.1 

10.2 

16.1 

29.2 

15.9 

105.0 

44.4 

9.8 

17.2 

6,7 

33.0 

14.1 

36.8 

5.5 

34.4 



13.4 

35.1 

31.3 

17.8; 

112.7 

49.6 

9.9 

20.2 

9.4 

33.9 

13.5 

.37.7 





13.7 

37.1 

33.7 

22.4 

104.8 

55.3 

9.8 

20.5 

6.2 

33.8 

11.8 

37.2 





14.3 

41.9 

33.3 

30.9 

117.2 

58.4i 

11.8 

25.5 









15.7 

43.9 

31.8 

36.4 



11.6 

25.8 









12.4 

48.4 

32.5 

38.0 



12.1 

27.2 









13.7 

49.9 





11.5 

33.0 















11.5 

34.8 















12.0 

36.4 















12.0 

36.5 















11.8 

36.7 


* The numbers refer to the system numbers of table 2. 
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system of rectangular codrdinates of which the x-axis is an extensicm of the 
base of the ternary diagram and the v-axis passes through vertex A. 

The ordinate of Pi, or yi, is identical with its content of component C. 
The abscissa of Pi, or Xi, is given by the line SPi. From the geometry of 
the figure it is evident that 

SPi = + MPi 

_ VSCi . 2Bi 

3 ^ Vs 

where Ci and Bi are the C and B content, respectively, of the point Pi. 
Consequently, 

^ _ (Cl + 2fii) 


TABLE 2 
Systems investigated 


BTSTBIf NUMBCR 

TBIIFBRATUBB 

STBTBM 

RBTBBBNOB 


•c. 



1 

20 

Benzene-alcohol-wafcer 

(2) 

2 

25 

Benzene-alcohol-water 

(3) 

3 

20 

Toluene-aloohol-water 

(2) 

4 

25 

Cyclohexane-alcohol-water 

(2) 

5 

25 

Benssene-acetic acid-water 

(1) 

6 

25 

Chloroform-acetic acid-water 

(6) 

7 

25 

Acetone-chloroform-water 

(1) 

8 

25 

Benzene-alcohol-water 

(4) 


Vs 


The general equation of a straight line passing through two points is 

y — y 2 _ yi — y^ 

X — Xt Xi — 

Letting 2 / = 0 to obtain the intercept of the line upon the o^-axis, we have 

x{yi - yi) = X 2 yi - yi^xi 

If, now, we substitute in this equation the coordinates of the points Pi 
and P% we obtain the abscissa of the point where the extended tie line 
crosses the a:-axis. This expression reduces to 


2{CiBi - CiBi) 
V3(Ci - C,) 
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The above equation has been applied to data taken from the literature 
for ternary liquid systems. Table 1 gives the distances thus calculated 
under the columns headed '‘abscissa distance8’\ 

In columns adjacent to the abscissa values of table 1 the corresponding 
values of the average concentrations of the consolute components are 
given (average C = (Ci + Cj)/2). With increasing concentrations the 
value of average C approaches the per cent C at the critical point. 

The abscissa distances in the upper part of table 1, corresponding to tie 
lines for the less concentrated solutions closer to the base of the ternary 
diagram, are definitely not constant. The abscissa distances in the lower 
part of table 1, appljdng to the more concentrated solutions, show less 
variation, yet even in this region there is considerable deviation from 
constancy. These findings are in line with D. B. Hand^s (1) empirical 
equation, which holds for concentrated ternary mixtures but falls down 
for those mixtures very dilute with respect to either component A or com¬ 
ponent B. For several of the systems investigated a graph of abscissa 
distance versus concentration of the consolute component shows a trend 
of the abscissa values toward a maximum point. 
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Although it has long been known from the work of Wood (12) that 
barbituric acid and certain of its mono- and di-substituted derivatives 
behave in aqueous solution as weak acids, little attention has been de¬ 
voted to the determination of the degree of electrolytic dissociation of 
these substances in solutions of varying salt content and temperature. 
Such data are now of biochemical interest for two reasons: 
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First, as pointed out by Michaelis (9) for 5,6-diethylbarbituric acid, the 
disubstituted barbituric acids and their salts may be used as buffers to cover 
the range from pH 6 to pH 9, where the number of other substances avail¬ 
able for buffers is relatively small. 

Secondly, the di- and tri-substituted barbituric acids are now widely 
used as hypnotic agents in medicine and physiology, and as such become 
partially dissociated in physiological media into hydrogen ions and bar¬ 
biturate anions. From the preliminary experiments of Clowes and Keltch 
(3) it appears that certain of the barbituric acids penetrate living cells 
more readily as undissociated molecules than as anions. During a more 
extensive investigation of the factors bearing on the penetration and 
anesthetic action of these substances (4), it became necessary to determine, 
with some accuracy, to what degree each of a large number of barbituric 
acids would dissociate when dissolved in sea water. The present study 
was undertaken in an effort to provide data to meet this need and, at the 
same time, to provide data and equations from which the approximate 
degree of ionization of any of the commonly used barbituric acids could 
be calculated for solutions of any salt content and temperature within the 
biolo^cal range of interest. 


THEORETICAL 

In aqueous solution at constant temperature the dissociation of a mono¬ 
basic acid, HA, may be expressed as the reaction 

HA(aq.) H+ -|- A~ (1) 

for which the equilibrium expression is the equation 

piir' = pH-logj!^^ (2) 

In equation 2, [A“] and [HA] are the molar concentrations of anion and 

undissociated acid molecule respectively; pH is equal* to log —; pX', 

Oh+ 

the negative logarithm of the apparent dissociation constant, is related 
to the true thermodynamic dissociation constant, K, by the equation 

pK'= pK-l-log'?^ (3) 

Tha 

For salt concentrations and temperatures in the physiological range it is 
assumed that 7 ha, the activity coefficient of the undissociated molecules, 

1 pH, rather than paH, is used here to represent log for the reasons discussed 
by Clark (2, footnote pp. 479-81). 
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may be taken as unity. Under the same conditions 7 a-, the activity co¬ 
efficient of the monovalent anion, is dependent on the ion content and 
temperature of the solution, according to the modified Debye-Hiickel 
(6) equation: 


— log 7 a- = 


1 + 


(4) 


In equation 4, A and B are independent of the acid used and are dependent 
on the dielectric constant and the temperature of the solution; a is an 
empirical constant which depends on the nature of the anion.^ The ionic 
strength, of a solution is defined as one-half the sum of the products 
of the concentration of each ion present in the solution multiplied by the 
square of its valence/ 

According to Lewis and Randall (7, page 294), the thermodynamic 
dissociation constant, K, for reaction 1 is related to the standard free 
energy change, AF®, and the absolute temperature, T, by the equation: 

AF^ = - RT In K (5) 


where R is the gas constant having a value of 1.9864 calories per degree. 
Equation 5 may be put into the following form, which is more favorable 
for use here: 


AF® = 2.3RT pK (6) 

AF® varies with temperature (7, page 172), according to the equation 


d(AF®) 

dr 


= - A5® 


(7) 


In equation 7, A5® is the entropy change for reaction 1 under the same 
standard conditions as those for which K is determined. The numerical 
value of AS^ is the slope of the line obtained by plotting experimental 
values of AF® against J\ For the purpose of the present discussion 
AS° may be regarded as independent of the salt content of the solution. 


* Values of A and B, along with a discussion of the significance of a, are given 
by Clark (2, p. 500). 

* Both y and m were originally defined for molal concentrations, which are ex¬ 
pressed in terms of grams of solute per 1000 grams of solvent. The highest concen¬ 
tration of total salt (sodium chloride) used in the present experiments was 2 molar. 
From the specific gravity of a 2 molar sodium chloride solution, it may be calculated 
that at this concentration of sodium chloride the substitution of molar for molal 
concentrations results in a value for Vm which is about 3 per cent too high. This 
error, however, affects the value of —log 7 ^- by less than 0.01 unit, and may be 
disregarded for the purposes of the present paper. 
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By integration of equation 7 and combination with equations 3 and 6, 
the following equation may be derived: 


pK'r = 


aK, - AS®(r - To) 
2.3RT 


+ log Ya- 


( 8 ) 


This means that, for a given acid, the apparent dissociation constant, K't 
at the temperature T, for any ionic strength can be calculated after the 
entropy change, AS®, the standard free energy change, AF^o at any tem¬ 
perature To, and the activity coefficient of the anion, 7 a-, at the tempera¬ 
ture r, are known/ 


EXPEKIMENTAL METHODS AND MATERIALS 

The following cell was used for the electrometric measurements: 

barbiturate 

Hg : HgCl, KCl (satd.) : solution : glass : HCl(O.liV) : Pt 

or quinhydrone 

standard 
phthalate 


All components were in thermal equilibrium at each of the temperatures 
stated. The glass electrode system was standardized at 25®C. with a 
0.05 M potassium hydrogen phthalate buiffer to which a pH value of 4.00 
was assigned (8). The glass electrode system used was equipped with a 
temperature compensator to take account of the changes in potential of 
the quinhydrone and calomel half-cells with temperature. Potentiometric 
readings were made to =b 0.01 pH unit with an overall error not greater 
than 0.03 pH unit. 

The sodium salts of the barbituric acids were dried over calcium chloride 
or concentrated sulfuric acid. For each experiment, the desired barbi¬ 
turate sodium salt was dissolved in freshly distilled water of low carbon 
dioxide content to give a stock solution of twice the final strength to be 
used. To a 5-ml. aliquot of this stock solution the volume of 0.02 N 

[AT] 

hydrochloric acid required to give the desired final ratio and the 

[HA] 


*Harned and Embree (6) and Shedlovsky and Macinnes (11) have pointed out 
that the dissociation constants of many monobasic acids have a maximum value 
at some one temperature. As shown in the experimental part of this paper, the 
temperature range employed for the present measurements is apparently so far 
removed from the optimum temperature for the barbituric acids that the presence 
of any such optimum may be disregarded. 

The method of treatment used in the present paper assumes that AH for equation 
1 is independent of temperature. Although adequate for the present purpose, this 
assumption is only a first approximation and may be in part responsible for the fact 
that the AS values here obtained are lower than those summarised for other mono¬ 
basic acids by Pitser (10). 
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volume of 5 Af sodium chloride required to give the desired final salt 
concentration were added. The total volume was in every case made up 
to 10 ml. The pH values of the resulting solutions were then immediately 
determined. The corresponding pK' values were then calculated from 
equation 2. 

For each substituted barbituric acid, pX' values were determined at 


[A“] 


ratios of 3, 1, and 0.33, five independent potentiometric readings 


[HA] 

being made for each solution 


In every case, the pK' value obtained with 


[A-] 


any given acid at any given ratio agreed, within =1= 0.03 unit, with 

[xlAJ 

the arithmetic mean of the three pK' values. 

In this paper the substituted barbituric acids are named according to 
the convention employed in Chemical Abstracts,^ For example, according 
to this system, the following compound: 


0 

C,H, i—N—CH, 

\ / \ 

C 0=0 

ch,ch=chch'^ ^c—n—h 


CH, 


o 


would be named 5-ethyH-methyl-5-(a-methylbutenyl-2)barbituric acid. 

The substituted barbituric acids having hydrogens attached to both 
nitrogens of the ring behave as monobasic acids in the physiological pH 
range, the ionization of the second hydrogen not being significant below 
pH 10. 


RESULTS 

Effect of variation in ionic strength 

The pK' values, as experimentally determined at 25®C., for one tri- 
substituted and twenty-nine disubstituted barbituric acids are given in 
table 1. For each acid, measurements were made at six levels of ionic 
strength. The disubstituted acids are listed in order as derivatives of 

* Many of the compounds listed in table 1 arc sold under their trade-marked 
names, which can be readily found in the formula index of Chemical Abstracts by the 
use of the empirical formulas of table 1. 

Seventeen of the barbituric acids used in the present investigation were supplied 
through the kindness of Mr. H. A. Shonle, of this laboratory. The other acids were 
purchased in the open market. All of the acids used had been purified by recrys¬ 
tallization to constant melting point. The author wishes to thank Miss A. K. 
Keltch for her help in the purification of a number of these compounds. 



TABLE 1 

values of euhitituted harhiturie acids at BS^C. for solutions of varying ionic strength 


The total molar barbiturate concentration for each acid is equivalent to the lowest 
value of M given for that acid 


BABBITUBXC ACID 


vK' 

5,5-Diethylbarbituric acid, CtHisNtOa, M. W. — 184 

0.002 

7.90 


0.04 

7.82 


0.16 

7.74 


0.70 

7.62 


1.20 

7.69 


2.00 

7.66 

5-Ethyl«5-i8opropylbarbituric acid, CaHiiNjO*, M. W. « 198 

0.002 

7.98 


0.04 

7.92 


0.16 

7.86 


0.70 

7.77 


1.20 

7.70 


2.00 

7.65 

5-Ethyl-5-butylbarbituric acid, CioHiaNaO*, M. W. = 212 

0.002 

7.92 


0.04 

7.82 


0.16 

7.74 


0.70 

7.63 


1.20 

7.69 


2.00 

7.55 

5-Amyl-5-ethylbarbituric acid, CuHisNjOi, M. W. * 226 

0.001 1 

7.93 


0.04 

7.86 


0.16 

7.79 


0.70 

7.69 


1.20 

7.63 


2.00 

7.60 

5-Isoamyl-5-ethylbarbituric acid, CnHisNiOi, M. W. 226 

0.002 

7.92 


0.04 

7.83 


0.16 

7.76 


0.70 

7.65 


1,20 

7.59 


2.00 

7.53 

5-Ethyl-5-(a“methylbutyl)barbituric acid, CnHigNiOj, M. W. « 

0.002 

8.07 

226 

0.04 

8.01 


0.16 

7.96 


0.70 

7.88 


1.20 

7.83 


2.00 

7.80 

5-EthyI-6-(a-ethylpropyl)barbituric acid, CuHuNgOi, M. W. ■■ 

0.001 

8.00 

226 

0.04 

7.90 


0.16 

7.86 


1 0.70 

7.75 


1.20 

7.68 


2.00 

7.65 
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TABLE 1 —Continued 


BARBITURIC ACID 

M 

vK' 

5-Ethyl-5-(a-methylbutenyl-2) barbituric acid, CnHieNsOs, 

0.002 

7.99 

M. W. = 224 

0.04 

7.90 


0.16 

7.83 


0.70 

7.74 


1.20 

7.68 


2.00 

7.66 

5-Cyclopentyl-5-ethylbarbituric acid, CnHiaNzOj, M. W. = 224 

0.001 

8.08 


0.04 

7.99 


0.16 

7.91 


0.70 

7.86 


1.20 

7.80 


2.00 

7.77 

5-Ethy 1-5-piperidylbarbituric acid, ChHitNsOj, M. W. = 239 

0.001 

7.71 


0.04 

7.61 


0.16 1 

7.51 


0.70 

7.43 


1.20 

7.35 


2.00 

7.30 

5-Ethyl-5-hexylbarbituric acid, Ct2HtoN203, M. W. = 240 

0.001 

7.78 


0.04 

7.71 


0.16 

7.62 


0.70 

7.53 


1.20 

7.50 


2.00 

7.46 

5 -(a, 7 -Dimethylbutyl)- 5 -ethylbarbituric acid, C 12 H 20 N 2 O 3 , 

0.002 

8.14 

M. W. = 240 

0.04 

8.04 


0.16 

7.96 


0.70 

7.85 


1.20 

7.80 


2.00 

7.77 

5-Ethyl-5-phenylbarbituric acid, Ci2Hi2N208, M. W. « 232 

0.002 

7.40 


0.04 

7.32 


0.16 

7.24 


0.70 

7.14 


1.20 

7.09 


2.00 

7.05 

5-Ethyl-5-cyclohcxenylbarbituric acid, C 12 H 16 N 2 O 8 , M. W, « 236 

0.002 

7.49 

0.04 

7.41 


0.16 

7.36 


0.70 

7.23 


1.20 

7.19 


2.00 

7.15 
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TABLE t~-Cantiinued 

BABBITCTBIC ACID M 

6-Ethyl«-6-(^-ethylhexyl)barbituric acid, CiiHuNfOt, M. W. « 0.001 7.87 

268 0,04 7.79 

0.16 7.70 

0.70 7.61 

6-Ethyl-6-(i8-phenylethyl)barbituric acid, CuHieNsOi, M, W. «* 0.001 7.91 

260 0.04 7.81 

0.16 7.70 

0.70 7.61 

1.20 7.54 

2.00 7.60 

5,5-Diallylbarbituric acid, CioHuNjOi, M. W. « 208 0.002 7.78 

0.04 7.69 

0.16 7.61 

0.70 7.49 

1.20 7.45 

2.00 7.41 

5-Allyl-6-isopropylbarbituric acid, CioHiiNjO*, M. W. » 210 0.002 7.00 

0.04 7.80 

0.16 7.72 

0.70 7.60 

1.20 7.55 

2.00 7.51 

5-Allyl-5-i8obutylbarbituric acid, ChHhNsO*, M. W. « 224 0.002 7.66 

0.04 7.60 

0.16 7.60 

0.70 7.41 

1.20 7.40 

2.00 7.37 

5- Allyl-5-(a-inethylbutyl)barbituric acid, C 12 H 18 N 2 O 8 , M. W, » 0.002 8.06 

238 0.04 7.97 

0.16 7.90 

0.70 7.78 

1.20 7.72 

2.00 7.67 

6- Allyl-5-benzylbarbituric acid, Ci4Hi4N,08, M. W. - 268 0.002 7.20 

0.04 7,12 

0.16 7.06 

0.70 6.94 

1.20 6.88 

2.00 6.85 
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BABBXTUBXC ACID 


PK' 

6-{/9-Methylallyl)-6-propylbarbituric acid, CnHuNaOs, M. W. « 

0.002 

7.81 

224 

0.04 

7.72 


0.16 

7.61 


0.70 

7.52 


1.20 

7.47 


2.00 

7.41 

5-l8obutyl-5-(/3«methylallyl)barbituric acid, C 12 H 18 N 2 O 8 , 

0.002 

7.79 

M. W. - 238 

0.04 

7.70 


0.16 

7.61 


0.70 

7.49 


1.20 

7.42 


2.00 

7.38 

5-(a-Methylbutyl)-5-(/8-methylallyl)barbituric acid, 

0.002 

7.97 

CUH 20 N 2 O 8 , M. W. = 252 

0.04 

7.88 


0.16 

7.78 


0.70 

7.67 


1.20 

7.59 


2.00 

7.68 

5-03-BromoallyI)-6-isopropylbarbituric acid, CioHx8BrN208, 

0.002 

7.72 

M. W. « 289 

0.04 

7.62 


0.16 

7.54 


0.70 

7.46 


1.20 

7.41 


2.00 

7.39 

5-0-Bromoallyl)-5-(a-methylpropyl)barbituric acid, 

0.002 

7.71 

CnHjiBrNiOi, M. W. « 303 

0.04 

7.62 


0.16 

7.55 


0.70 

7.47 


1.20 

7.42 


2.00 

7.39 

5-(/3-Bromoallyl)-5-(a-ethylpropyl)barbituric acid, 

0.002 

7.70 

Ci,Hi7BrN308, M. W. * 317 

0.04 

7.60 


0.16 

7.53 

1 

0.70 

7.45 


1.20 

7.40 


2.00 

7.37 

5-Benzyl-5-isopropylbarbituric acid, CnHieNiOs, M. W. 260 

0.002 

7.99 


0.04 

7.89 


0.16 

7.78 


0.70 

7.68 


1.20 

7.64 


1 2.00 

7.61 



TABLifi I'-^oncluded 


SABBITUBIC iyCXB 

i 

M 

pit' 

5-Beni!yl-5-butylbarbituric acid, CnHjgNjOi, M. W. « 274 

0.002 

7.89 


0.04 

7.80 


0.16 

7.73 


0.70 

7.62 


1.20 

7.66 


2.00 

7.62 

5-Cyclohexenyl-l,5-dimethylbarbituric acid, CigHieNgOg, 

0.002 

8.32 

M. W. « 236 

0.04 

8.26 


0.16 

8.18 


0.70 

8.10 


1.20 

8.05 


2.00 

8.01 


TABLE 2 


pK and AF^ values at B6°C. for substituted barbituric acids as calculated from the data 
of table 1 according to equations 3, 4, cind 6 


BARBITURIC ACID 

a 

pK 

K X 10» 

AF« 


cm. X m 



caloriec 
per mole 

6-Allyl-5-ben2yl-. 

2.0 

7.21 

6.2 

9,829 

6-Ethyl-5-phonyl-. 

2.0 

7.41 

3.9 

10,102 

5-Ethyl-5-cyclohexenyl-. 

2.3 

7.50 

3.1 

10,224 

5-Allyl-5-isobutyl-. 

2.7 

7.68 

2.1 

10,470 

5- (/3-Bromoally 1) -5- (a-e t hy Ipropy 1) -. 

2.5 

7.70 

2.0 

10,497 

6- (/9-Bromoallyl )-5- (a-methy Ipropyl)-. 

2.5 

7.71 

1.9 

10,510 

5-Ethyl-6-piperidyl-. 

1.5 

7.71 

1.9 

10,510 

6-(i8“Bromoallyl)-5-i8opropyl-. 

2.3 

7.72 

1.9 

10,524 

5-Ethyl-5-hexyl-. 

2.5 

7.70 

1.6 

10,620 

5-Isobutyl-5-(/3-methylallyl)-.. . .. 

1.5 

7.79 

1.6 

10,620 

6,5-Diallyl-. 

1.7 

7.79 

1.6 

10,620 

5- (/8-Methylallyl) -5-propyl-. 

1.5 

7.82 

1.5 

10,660 

5-Ethyl-5-(/3-ethylhexyl)-. 

1.7 

7.89 

1.3 

10,756 

5-Ethyl-5- 03-phenyle thy 1) -. 

1.5 

7.90 

1.3 

10,770 

6,6-Diethyl-. 

2.0 

7.91 

1.2 

10,784 

5-Allyl-6-i80propyl-. 

1.5 

7.91 

1.2 

10,784 

6-Benzyl-6-butyl-. 

1.7 

7.91 

1.2 

10,784 

5-Ethyl-5-butyl-. 

2.0 

7.92 

1.2 

10,797 

6-Isoamyl-5-ethyl-. 

1.5 

7.94 

1.2 

10,824 

5-Amyl-6-ethyl-. 

2.3 

7.95 

1.1 

* 10,838 

6-(a-Methylbutyl)-5-(i0-methylallyl)-. 

1.5 

7.98 

1.0 

10,878 

6-Benzyl-5-isopropyl-. 

1.5 

7.99 

1.0 

10,892 

5-Ethyl-5- (a-methylbutenyl-2)-. 

2.0 

8.00 

1.0 

10,906 

6-Ethyl-5-isopropyl-. 

2.5 

8.01 

1.0 

10,920 

6-Ethyl-5- (a-ethylpropyl)-. 

2.0 

8.01 

1.0 

10,920 

6-Allyl-6-(a-methylbutyl)-. 

1.5 

8 08 

0.8 

11,016 

6-Cyclopen tyl-6-ethyl-. 

2.6 

8.09 

0.8 

11,029 

5-Ethyl-5- (a-methy Ibu tyl) -. 

2.7 

8.11 

0.8 

1 11,056 

6-(a, *y-Dimethylbutyl)-6-ethyl-. 

1.7 

8.14 

0.7 

11,097 

5-Cyolohexenyl-l, 6-diinethyl-. 

2.5 

8.34 

0.5 

11,370 
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5-etliyl-, 5«-allyl-, 5-(^-methylallyl)-, 5-(/3-bromoallyl)", and 5-benzyl- 
barbituric acids. 

From the pK' values presented in table 1 the pK value for each substi¬ 
tuted barbituric acid was calculated from equations 3 and 4. By empirical 
trial that value of a which resulted in the best agreement between the pK 
values obtained from the pf^' values at various ionic strengths was chosen. 
The pK values so obtained are listed in table 2 in the order of increas¬ 
ing pK. 

Having established a value of pK for each substituted barbituric acid, 
corrected pK' values for all ionic strengths up to = 2.00 were calculated 
from equations 3 and 4. The agreement between the measured and cor- 



Fig. 1 . Observed and calculated pK* values at 25°C. A, 5-cyclohexenyl-l,5- 
dimethylbarbituric acid; B, 5-allyl-5-(a-inethylbutyl)barbituric acid; C, 5,5-diallyl- 
barbituric acid; D, 5-ethyl-5-phcnylbarbituric acid. The circles represent the ex¬ 
perimental values; the solid curves the values calculated from equations 3 and 4. 


rected pJf' values for four representative barbituric acids is illustrated by 
figure 1. A similar degree of agreement between observed and calculated 
values was found for the other twenty-six acids used. The circles, 
which have a size corresponding to an experimental error of ± 0.02 pH 
unit, represent the experimentally determined pX' values. Within the 
error of the present experimental methods, the variation of pK' with 
ionic strength for each of the thirty substituted barbituric acids listed in 
table 2 is correctly described by equations 3 and 4. 

Effect of variations in temperature 

The piK' values for 5-isoamyl-5-ethylbarbituric acid were determined at 
six temperatures and three levels of ionic strength. From these piC' 
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values, the value of pK at each temperature was calculated by the method 
described in the previous section. The value of the standard free energy 
change, AF", at each temperature was then calculated according to equa¬ 
tion 6. The results are given in table 3. 

It was found that the increase of AF® with temperature was relatively 
small, corresponding to an entropy change, AiS®, of —3.1 calories per degree.* 

TABLE 3 

and pK values for B^isoamyUS-^thylharhituric acid at temperatures from to 
in solutions of varying ionic strength 


All meaaurements were made with a total barbiturate concentration of 0.002 M and 
an anion/molecule ratio of 1 



T 


MSASUBBD 

PK' 

OALCULATBD 
-LOO 7a- 

pK 

Af® 

•c. 

•A. 

f 

0.002 

n 

0.02 

8.19 

cdloriet per 
mole 

15 

288 { 

0.16 


0.17 

8.17 8.19 

10,7tK) 


1 

0.70 

7.91 

0.29 

8.20 



[ 

0.002 

8.04 

0.02 

1 

8.06 j 


20 

293 \ 

0.16 

7.87 

0.17 

8.04 8.06 ; 

10,803 


1 

0.70 

7.78 

0.30 

8.08 



[ 

0.002 

7.92 

0.02 

7.94 


25 

298 ^ 

0.16 

7.75 

0.17 

7.92 7.94 

10,824 


1 

0.70 

7.65 

0.30 

7.95 



/ 

0.002 

7.80 1 

0.02 

7.82 


30 

303 

0.16 

7.64 1 

0.17 

7.81 7.82 

10,839 



0.70 

7.62 

0.30 

7.82 



[ 

0.002 

7.69 

0.02 

7.71 


35 

308 ^ 

0.16 

7.52 

0.17 

7.69 7.70 

10,849 


1 

0.70 


0.31 

7.71 



f 


1 

7.58 

0.02 

7.60 


40 

313 ( 

0.16 

7.40 

0.17 

7.57 7.59 

10,868 


Ij 


7.28 

0.31 

7.59 



After substitution of this value of AS®, equation 8 becomes, for 5-isoamyl* 
5-ethylbarbituric acid: 


vKt 


An. + 3.1(7 - r,) 
2.3/27 


+ log 7 a- 


(9) 


Corrected pJC' values for 5-isoamyi-5-ethylbarbitiuic acid at all tem¬ 
peratures from 15®C. to 40®C. and three levels of ionic strength were then 
calculated from equation 9 and plotted in figure 2, uang the AF® value 
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for 26®C. The circles, which have a diameter corresponding to an ex¬ 
perimental error of d=0.02 pH unit, represent the experimentally deter¬ 
mined pX' values. From the agreement between the experimental points 
and the calculated curve it may be concluded that the variation in pif' 
with temperature and ionic strength for 5-isoamyl-5-ethylbarbituric acid 
is correctly described by equation 9, within the limits of error of the 
present experimental methods. 

From a consideration of the magnitude of A/S® for 5-isoamyl-5-ethyl- 
barbituric acid, it appears that equation 9 may possibly be used, without 
further experiment, for the approximate calculation of pK' vajues for all 



Fig. 2. Observed and calculated plC' values at temperatures from 15®C. to 40°C. 
for 5-i8oamyl-5-ethylbarbituric acid. The circles represent the experimental values; 
the solid curves the values calculated from equation 9. For curve A, /i — 0.002; 
for curve B, m ** 0.16; for curve C, m * 0*70. 

of the substituted barbituric acids listed in table 2. The reasons for this 
statement are as follows: 

First, if the term 

A/S®(r - To) 

2mT 

in equation 8 is neglected in the calculation of corrected pK' values for 
6-isoamyl-5-ethylbarbituric acid, it is found that, with fx = 0.7, the 
values of pjK' for 15®C. and 40®C. are 7.93 and 7.25, respectively, as com¬ 
pared with the corrected values of 7.90 and 7.28 which were obtained with 
A5® = —3.1. Thus, in the range of temperature and ionic strength of 
interest to biologists, the maximum error introduced by setting A/S® = 0 
is only +0.03 pX' unit at 15®C. and -0.03 pX' imit at 40®C. 

Secondly, it is likely that the differences between the A/S® values for the 
thirty closely related acids listed in table 2 are small. The variation from 
the mean value of A/S® is almost certainly less than dblOO per cent. Since 
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a variation of ±100 per cent in the value of A/S® for 6-isoamyl-5-ethyl- 
barbituric acid produces, as shown above, a maximum error of only ±0.03 
pK' unit over a 25®C. temperature range, it may reasonably be assumed 
that the use of equation 9 for all of the substituted barbituric acids listed 
in table 2 will yield pif' values, for any temperature and ionic strength in 
the physiological range, which are very close to the true values which 
would be found by experiment. 

To facilitate the calculation of pK' values by this means, the AF® 
values at 25°0. for thirty substituted barbituric acids are listed in the last 
column of table 2. The values are given to five figures, although only 
three figures are significant, with the understanding that the calculated 
pK' values are to be rounded off to the nearest 0.01 unit; the data suggest 
that the difference between such calculated values and the experimental 
values will be usually not larger than ±0.03 unit and, in any ca^e, not 
larger than ±0.05 unit. 

Comparison of previously determined pK* values xvith pK' values in 

this paper 

Of the barbituric acids employed for the present measurements, 5,5-di- 
ethylbarbituric acid is the only one for which pK' values have been previ¬ 
ously obtained. 

For this substance, Wood (12) in 1906, from conductivity measurements, 
obtained a pK^ at 26°C. of 7.43 with m = 0.16. The value calculated from 
equation 9 is 7.77. Michaelis (9), with the hydrogen electrode, obtained 
a pK' of 7.82 at 25°C. with p = 0.07. The value calculated from equa¬ 
tion 9 is 7,82. Britton and Robinson (1), also with the hydrogen electrode, 
obtained pK' values from 7.92 to 7.98 at 18°C. with p = 0.04. The value 
calculated from equation 9 is 7.98. This close agreement between observed 
and calculated pK' values for 5,5-diethylbarbituric acid serves as an in¬ 
dependent confirmation of the validity of equation 9. 

SUMMARY 

1, By means of glass electrode pH measurements, the effects of varia¬ 
tion in sodium chloride concentration on the pX' values of thirty substi¬ 
tuted barbituric acids have been determined at 25®C. With concentra¬ 
tions of sodium chloride up to 2 molar, the relation between pK' and the 
ionic strength is approximately expressed by one form of the Debye-Htickcl 
equation. By means of this equation, pK values at 26®C. have been cal¬ 
culated for all of the acids employed. 

2. The effects of variation in temperature on the pK' and pK values of 
5-isoamyl-5-ethylbarbituric acid have been determined at temperatures 
between 16®C. and 40®C., and the values of the standard free energy 
change, AF®, have been calculated. For this acid in this temperature 
range the relation between AF® and temperature is e}q)ressed by the usual 
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thermodynamic equations, in which the standard entropy change, 
has a value of —3.1 calories per degree. 

3. It has been shown that, by means of the experimental data here pre¬ 
sented and an equation derived for this purpose, the approximate pX' 
values of the thirty substituted barbituric acids can be calculated for any 
ionic strength and any temperature within the physiological range. 
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ON THE THEORY OF GALVANIC CELLS SUBJECT TO 
FIELDS OF FORCE. I 

The Gravitational Field^ 

F. O. KOENIG AND S. W. GRINNELL* 

Department of Chemistry, Stanford University, California 
Received June 27, 1939 
I. introduction 
Objects 

Our object in tliis paper is to obtain in general and exact form the 
thermodynamic laws of galvanic cells subject to external gravitational 
fields. In attaining this object w^e shall make use of a thermodynamic 

1 The contents of this paper are taken largely from the dissertation submitted by 
S. W. Grinnell to the Faculty of Stanford University in partial fulfillment of the 
requirements for the degree of Doctor of Philosophy, 1938. 

»Shell Research Fellow, Stanford University, 1937-38. 
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theorem deduced recently by one of us (8) and called the “condition for 
quasi-reversible conduction” or “qrc. condition.” We shall accordingly 
use the terminology and mathematical notation given previously (8) 
throughout the present paper. This paper is, however, not only a sequel 
to the earlier paper (8) but is also intended as a preparation for a later 
paper reporting experiments on “gravity cells” that have been in progress 
at Stanford University for a number of years. 

Relation to previous work 

Effects of gravity upon e.m.f. have been previously investigated both 
experimentally and theoretically by Des Coudres (1, 3) and by Tolman 
(11). A brief review of the experimental work of these authors has recently 
been given by Maclimes (9). The present study is an attempt to gen¬ 
eralize and purify the theoretical deductions of Des Coudres and Tolman. 
Details concerning the work of these authors in relation to the present 
study are given in section IV below. 

n. THE GENERAL CASE 

Description of the cM 

We shall consider a cell in which both the gravitational potential <p 
and the mole fractions JV< may vary throughout the solution in any way 
whatever compatible with instantaneous fulfillment of (i) the conditions 
of hydrostatic and thermal equilibrium: 

grad P = -p grad ^ (1) 

grad r = 0 (2) 

and («■) the conditions of electrochemical equilibrium between the elec¬ 
trodes a, a' and the adjacent layers of solution p, (cf. 8, equations 12,15): 


£ VrPr = 
r 

2D “i" Mbi- 

(3) 

^Vr'Hr' = 
r* 


(4) 


We shall furthermore, as in reference 8, assume electrodes and solution to 
consist of mutually insoluble materials. Finally we shall suppose that the 
electrodes are relatively thin and so arranged that v and therefore P may 
without appreciable error be regarded as constant throughout each elec¬ 
trode. This allows us to write without appreciable error 

=* <9 “ ? 


( 6 ) 
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Formulae for the potentials of the components in a gravitatiorial field 

For the purposes in hand we need the following general formulae: For 
the potentials and Unt of the electrol 3 rte and neutral components, re¬ 
spectively, of a subphase in a gravitational field it is true that 

Mel = Tel + Mel<p (9) 

Mn< == Tnt + Mnt(p (10) 

where Tei, Tni are functions of P, T, and composition independent of <Pf 
and Mel, Mnt are the molar weights (first pointed out by Gibbs (4); fora 
simple proof see reference 7). If, as will be assumed throughout, the 
electrolyte components in a given subphase are at each instant in dissocia¬ 
tive equilibrium with the charged components, it is evidently always cor¬ 
rect to write for the potential of any charged or neutral component i 

Mi = + Mi<p -H ZiF\(/ (11) 

where is a function of P, T, and composition independent of and ^ is a 
function of the electrochemical state® of the subphase called the electric 
potential. We note that for neutral components the term in ^ disappears 
because z, is zero. It is often convenient to expand Ti in the form 

T. = T? + RT log Ni + RT log u (12) 

where t® is a function only of P and T, Ni\s the mole fraction of i, and/< 
is a function of P, T, and composition called the activity coefficient. The 
potential m may then be written as 

Hi ^ t^ + RT log AT.- + RT log /.• + Miv + ZiFi^ (13) 

The function ^ is thermodynamically indeterminate and so are, for charged 
components, the functions n and /*•. From equations 11 and 13 the 
following theorems, needed later, are readily evident. If X< are a set of 
scalars such that 

Z Zi\i = 0 (14) 

t 

then, although for such of the components i as are charged the ui are func¬ 
tions of the electrochemical state, it is nevertheless true that 

yi \iixi = a function of the chemical state and the X» (15) 

i 

* For the exact definition of *'eleotroohemical state” and ^^chemical state” in the 
sense used in this paper, see reference 8, equations 7, 8. 
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Furthermore, although for such of the components % as are chained the 
T< and fi are thermod 3 mamically indetermnaie functions of P, T, and 
composition, it is nevertheless true that 

X,T< = a thermod 3 mamically determinate function of P, T, 

t 

and composition and the X< (16) 

S Xi log/t* == a thermodynamically determinaie function of P, T, 

and composition and the X» (17) 

Equations 11 to 17 are the obvious extensions to the case of systems in a 
gravitational field of the considerations of Guggenlieim (5) concerning 
electrochemical potentials and the electric potential of a phase interior. 

Calculation of the e.m.f. as a function of chemical state and configuration 

The E.M.F. may now be calculated by the same method as that leading 
to equations 106 and 109 in reference 8. The e.m.f. is always given by 

= ( 18 ) 

By virtue of the equilibrium conditions, equations 3 and 4, this becomes 

p 2 + 2 Vr'Hr' - 2 j (19) 

Recalling from reference 8 that the subscript g, g' refer to electrolyte and 
neutral components, we note that the sums 2^ Vq* jig^ are func- 

Q Q' 

tions of the chemical states at a and a', respectively. The subscripts r, r', 
however, refer to charged and neutral components with (c/. reference 8, 
equations 10,14) 

Z«rV, = -l (20) 

r 

-I ( 21 ) 

and therefore the sums £ VryH and 2!) are functions of the electro- 

r r* 

chemical states at fi and fi', respectively. We can nevertheless express the 
difference 

2 vr'nV> — £ v,/t (22) 

r* T 

as a function of the chemical state at every point of the solution, and of the 
configuration. For this purpose we have recourse to reference 8, equation 
104 

£ Vr'Mr' *= £ Vr'Hr' + / JVr> gTsd /tr’SV 

t' r' T’ 


( 23 ) 
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the deduction of which by means of Gauss’s theorem and the definition of 
the specific electrolytic current vector J (8, equations 36 to 38) applies 
unchanged to the present case. We obtain for the difference 22 

23 Vr' itr ' — 23 ^ Vr'fir ’ — 23 + f / • 2 Vr’ gTsd H,’SV (24) 

ff r r' r •'V r' 

Now from equations 20, 21 we have 

y ^ Zr^Vr* 21) ZrVr ^ 0 (25) 

r* r 

and therefore equations 14 and 16 show that the difference 

23 v,'nf> — 23 rfM? (26) 

r* r 

which occurs on the right side of equation 24, is a function of the chemical 
state at It remains to show that the integral 

f J-Zrr-gradMr'SF (27) 

is a function of chemical state and configuration. For this purpose we 
introduce the qrc. condition in the form of equation 73, in reference 8: 
namely, 

f ^•E^gradM.SF = 0 (28) 

i Zi 

and are therefore enabled to write 

f grad Mr'57 = f J Vr' grad Mr' + 23 ~ grad Mt)57 (29) 

Jv r' Jv \r^ i Zi / 

Since: (t) the vector J at any point is fixed by the chemical state at all 
points of the solution and by the configuration (8, auxiliary assumption 5), 
{ii) the transport numbers U at any point are functions of the pressure, 
the temperature, and the composition at that point (8, auxiliary assump¬ 
tion 4), (m) according to reference 8, equation 87, we have 

E r = 1 (30) 

i Zi 

so that, by equation 21, 

Ezr'^r' + = 0 (31) 

r' t Zi 

it is evident from equations 14 and 16 that the integral on the right of 
equation 29 is a function of the chemical state at every point of the solution 
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and of the configuration. From equations 19, 24, and 29 we therefore 
obtain for the b.m.f. as a function of chemical state and configuration 


8 

tl 

23 - 23 VM?'’ + 23 j'r'M?' - 23 >'ri4 

La a' r' r 



+ jT ^2 Fr* grad Mr' + 23 ^ grad SV 

(32) 

which corresponds to equation 106 in reference 8. As an alternative to 
equation 23 we can of course use 


23 Vritr = 23 •'rM?' " / J Vr grad Hr^V 

r r «V r 

(33) 

which yields for the e.m.f. 


r-.i 

f 23 - 23 + 23 Vr'nl'' - 23 VrUr 



+ ^ ^-^23 Vr grad Mr + 23 1 grad ms^ 

(34) 

corresponding to equation 109 in reference 8. 

In the special case that the solution is simply connected and chemically 
lamellar we use instead of equations 23 and 33 the equations 


23 •'r'M?' = £ •'r'M?' + / 23 >'r' grad Mr'*Js 

f' T* •C T* 

(35) 


23 Vfltr = 3C •'rM?" ~ / 23 *'r gT^d Mr-Js 

r r ^0 r 

(36) 

where C is any path through the solution from fi to The corresponding 

form of the qrc. condition is that of equation 77 in reference 8: namely, 

[ Zrgradw-as = 0 (37) 

Jc i Zi 

For the e.m.f. we thus obtain instead of equations 32 and 34 the simpler 
equations 

1 

11 

■^1 

23 - 23 + 23 Fr'M?' - 23 »'rM? 

fl fl' r' r 



+ j ^23 >'r' grad Mr' + 23 ^ grad m<^"5« J 

j (38) 

E-’-l 

23 vtn“ — 23 »'*'mJ‘'’ + 23 »'r'M?' ~ 23 

^ a fl' r' r 



+ ^23 Fr grad Mr + 2 ^ grad Mi^^^ j 

(39) 


which correspond to equations 132 and 133, respectively, in reference 8. 
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The special case grad ^ = 0 

In this case ip and P are both constant throughout the cell. We should 
therefore expect the general formulae obtained above to reduce to formulae 
for cells with liquid-liquid junctions of the type obtained in reference 8. 
In order to show this we write for the electrolyte and neutral components 
q, q\ in accordance with equations 9, 10, 

Mfl = + Mg(p (40) 

tlq* = V + (41) 

and for the charged and neutral components r, r', i, in accordance with 
equation 11 

Mr = Tr + Mr(p + ZrF\p (42) 

Mr' = Tr' + Mr*<p + Zr^Fyf^ (43) 

Mi = + Mx<p + ZiFy!/ (44) 

On substitution of equations 40 to 44 into equation 34 the terms in ^ 

cancel because of equations 25 and 31, and we obtain, since ip is constant, 

= 4 Tx) S Vq'Tq' + X) ^ VrT? 

r L H 

+ £ »'r' grad Tr' + 21 grad 

+ 5 r ^ Vf'Mt- + 2^ Vr'Mr’ — 2 I'rAfrl (45) 

r L « «' •• J 


Conservation of mass in the electrode processes requires that 

E - E + E Vr'Mr> - E yrMr = 0 (46) 

q q' r* r 

and therefore the term in <p disappears from equation 45. Furthermore, 
for given electrode materials the Tq are in general functions of P and 
r, and the Tq! functions of P' and T, When, as is here the case, P is 
constant throughout, we may therefore set 

E r.r" - E = 5(P, T) (47) 

« «' 

Equation 45 accordingly reduces to 

jr“' = 1 [b(P, D + E rr'Tr' - E rrTr 

+ f^J’(E Vr' grad rr< + E I grad (48) 
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in which the terms in Xr, Xr', x*- evidently constitute a thermodynamically 
determinate function of the pressure and temperature of the system, the 
composition of the solution at every point, and the configuration. Equa-- 
tion 48 is therefore a general formula for a cell with liquid-liquid junction 
uncomplicated by gravitational effects. That it is equivalent to the 
equations obtained in reference 8 for the case in which not only grad ip 
but also ip itself is zero is readily verified by substituting equations 40 to 44 
without the terms in <p into equations 106 and 85 of reference 8. 

We point out that the deduction of equation 48 constitutes an exact 
theoretical proof of the intuitively obvious fact that in the absence of a 
aravitational field the e.m.f. of any galvanic cell becomes independent of the 
gravitational potential. It is of interest that in this proof the law of the 
conservation of mass plays a part very similar to that which it plays in the 
proof that the equilibrium constant is independent of the gravitational 
potential (c/. 6). 

The electric potential difference produced in a solution by a gravitational field 

In order to combat misunderstanding of a type still prevalent, we shall 
calculate as a function of chemical state and configuration the difference 
of electric potential in the solution, Since grad T is zero, we 

obtain from equation 13 

grad fu = grad P + RT grad log Nifi + Mi grad <p+ZiF grad ^ (49) 

We may set 

and regard F? as the partial molar volume of i at infinite dilution. By 
virtue of equations 1 and 50 equation 49 becomes 

grad m = RT grad log Nifi + (Mi — V%) grad <f> + ZiF grad (61) 

Substituting equation 51 into the qrc. condition in the form of equation 
28 and taking account of equation 30 we obtain 

[RT grad log NJi + (Mi - V\p) grad vW 

Jr i Zi 

+ F f/.gradi^F « 0 (52) 

•'r 

According to the deduction of equation 117 in reference 8, we have 
J J 'grad rf/SV “ 


( 83 ) 
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Equations 62 and 53 give for the electric potential difference in question 

^-4^’ [J-'L^[RT grad log Nifi 

Jo Jv i Zi 

+ (Mi-yjp) grad #,]8F (54) 

If the solution is simply connected and chemically lamellar we use equa¬ 
tions 51 and 37 and obtain instead of equation 54 the simpler equation 

/ - » 4 f E ^ [fir grad log NiU + (Mi - V\p) grad »,].88 (55) 

r Jc i Zi 

When grad <p is zero, equations 54 and 55 reduce respectively to equations 
119 and 135 of reference 8 for the potential difference of liquid-liquid 
junctions. It is thus evident from the manner in which the occur in 
equations 54 and 55 that the potential difference in a solution subject to a 
gravitational field is thermodynamically indeterminate, just as is the poten¬ 
tial difference due to a liquid-liquid junction. This is, moreover, true 
even if the composition of the solution as measured by the mole fractions 
is constant throughout, for in that case the /» still vary throughout the 
solution because of the gradient of pressure. When the grad are zero, 
equations 54 and 55 may be put into more compact form as follows: We 
define the partial molar volume Vi by the equation 

where the subscript ^^cornp.’’ denotes constancy of the mole fractions. We 
note that for charged components the Vi so defined are thermodynamically 
indeterminate. When grad iVi = 0 we have, from equations 12, 50, 56, 
and 1, 

grad log/i = (grad t< - grad t?) 

RT / T, Qomp, 

= P grad <p (57) 

Substitution of equation 67 into equations 54 and 55 yields-for the case 

grad A''< = 0 

^ i f (Mi - Vip) grad viV (58) 

r Jv i Zi 

4 J (Mi — Vip) grad 


( 69 ) 
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These expressions are thermodynamically indeterminate, owing to the 
Vi. We conclude that the electric potential difference produced in a solu¬ 
tion by a gravitational field is a concept just as meaningless experimentally 
as is the electric potential difference due to a liquid-liquid junction. 

HI. SOME SPECIAL CASES OF EXPERIMENTAL INTEREST 
Two reatrictiona and their conaequence 

The cases of greatest experimental interest are evidently included within 
the following two restrictions: (i) the solution is simply connected and 
chemically lamellar; (u) the two electrodes consist of the same materials. 

Owing to restriction (i) we need consider only equations 38 and 39. 
Since restriction (ii) means that the components q and g' are identical, 
and likewise the components r and r', the equations in question both 
reduce to 

+ ^2 »'rgrad/i, + 2^grad( 60 ) 

In order to apply this equation to the special cases described below it is 
expedient to transform it as follows: We substitute equation 40 and obtain 

[Z + Z -.(r?' - r?) 

— r, grad Mr + Z ^ grad (61) 

where is defined as 

^ (62) 

Since we have assiuned electrodes and solution to be mutually insoluble, we 
may take the total number of moles, n, of any component q of an electrode 
to be independent of the pressure of the electrode. We therefore have 

rf - r? = r,(F, T, n.) - r,(P, T, n.) 



where V, is the partial molar volume of 9 in the electrode and is of course 
thermodynamically determinate, because the q are electrolyte or neutral 
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components. Substitution of equation 63 into equation 61 gives the 
desired result. 


E" 


— / ( 52 vr grad Mr + 52 ^ grad MtV(64) 

Jc\ r i Zi / 

Three special cases 

The following three special cases appear to be of experimental interest: 
Case 1: the gradients of the mole fractions in the solution are zero. Case 2: 
the solution is in sedimentation equilibrium. Case 3: a cell with solution 
originally in sedimentation equilibrium has been rapidly transported to a 
region in which grad ip is zero, the temperature of the cell and the volume 
and shape of the solution having been kept constant. 

Case 1 is that of the ‘‘gravity cells’' that have been studied by Des 
Coudres and by Tolman; it is, moreover, the only case which has been 
experimentally realized hitherto. Opposing the experimental realization 
of case 2 and therefore of case 3 are serious practical difficulties, especially 
the prevention of convection and mixing over the long periods of time re¬ 
quired for sedimentation under available gravitational or centrifugal 
fields. 

Theory of case 1 

From equation 11 we have 

grad M» = grad n + Mi grad <p + ZiF grad ^ (65) 

Since grad T and the grad Ni are zero, we have, from equation 56, 

grad Ti — Vi grad P (66) 

From equations 65, 66, and 1, we obtain 

m: 


grad P + ZiF grad 


(67) 


( 68 ) 


. gcad Mi = (Vi - 

and therefore, of course, 

grad Mr = grad P + ZrF grad ^ 

Substituting equations 67 and 68 into the integral in equation 64 and 
noting that the terms in rp cancel because of equations 20 and 30, we obtain 

vt grad #*r + 21 grad 

- X[?"(t + ?|(y- »« 
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Since at constant T and Ni the quantities Vt, Vt, U, and p are functums 
only of P, the line integral on the right becomes a definite integral between 
the limits P and P', so that 

—J^ Vr grad Mr + ^ ^ grad 

" f [?"(f ?I(f - ’’■)] ^ 

Substitution of equation 70 into equation 64 gives 

PT’ - -i |Z [Z •'.V, 

+ r.(f'-7,) + 2|(&-y,)]dp} (71) 

From equations 20, 30,14, 16, and 66 it is evident that the linear combina¬ 
tion of the functions Vr, Vi in equations 69, 70, and 71 is thermodynami¬ 
cally determinate. Equation 71 is the exact law for case 1. 

The integral in equation 71 can in general be evaluated only approxi¬ 
mately. A convenient approximation consists in regarding 7g, F<, 7r, 
and ti, at constant T and Ni, as independent of P. This permits us to 
replace V^, 7<, Fr, U, and also pby their values at the same temperature 
and composition but zero pressure, which will be indicated by the super¬ 
script *. Equation 71 then integrates to 

ir' = -|)|z + [z 

+£.(^'-Fr)+r|(f-yr)]^} cr* 

where AP is defined as 

AP = P' - P (73) 

An equation more suitable than equation 72 for comparison with experi¬ 
ment is obtained if AP is eliminated in favor of Aip. Since the solution is 
regarded as incompressible, the relation between AP and Aip is 

AP = (74) 


The desired equation is therefore 

[S •'.(M. - P* Vt) - Z Vr(Mr - P* 7?) 

( 75 ) 
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We shall apply equation 76 to three special types of electrode equilibrium 
to be known as A, B, and C, respectively. 

Electrode equilibrium A is that of the system 

Me 1 solution of a single salt of Me in a non-electrolyte solvent 

The chemical equation for this equilibrium, written according to equation 9 
in reference 8, is 

-- Me'+’-i Me + El“ (76) 

z+ z+ 

where is the formula of the ion of the metal Me, and z+ is the valence 
of this ion. Equation 75 then yields, by a series of obvious transforma¬ 
tions, 

E""' = ^ [mm, - p* ^ - P* ^*)] (77) 

where il is the Hittorf number at zero pressure of the solute anion, s 
refers to the solute salt, and is the number of moles of Me^'^^ per mole 
of salt. 

Electrode equilibrium B is that of the system 

Ag I AgCl I solution of a single chloride in a non-electrolyte solvent 
The chemical equation for this equilibrium is to be written in the form 
Cr - AgCl - Ag + EF (78) 

Equation 76 then yields, by a series of obvious transformations, 

ET' = [mci - p*(7A,a - FL) p* 7.*)] (79) 

where and 2 + are, respectively, the Hittorf number at zero pressure and 
the valence of the solute cation, and s refers to the solute salt. 

Electrode equilibrium C is that of the system 

Pt I solution of iodine and an excess of a single iodide in a non-electrolyte 

solvent 

In this case we may describe the electrochemically active components by 
two alternative sets of chemical formulae: namely, (i) 1"“, IJ, EF, or 
(it) I~, I*, EF. The corresponding chemical equations for the electrode 
equilibrium are in description (i) 


|r-lir = Ei- 

( 80 ) 

r - i I, - El- 

( 81 ) 


and in description (ii) 
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Equation 75 yields, by a series of obvious transfonnations, for description 
(*•) 

- (i + (I + <5-) w. - P* o] ( 82 ) 


and for description (it) 



(83) 

in which C and 2 + are, respectively, the Hittorf number at zero pressure 
and the valence of the solute cation, and the subscripts s and s' refer, 
respectively, to the iodide and triiodide salt. If the excess of iodide 
over triiodide (or iodine) is suflSciently great, (or may be neglected 

and equations 82 and 83 become respectively 


(84) 

iMu - P* 1 - P* 

(85) 

Inspection of the two descriptions readily shows the transformation con¬ 
necting equations 82, 84 with equations 83, 85 to be 

ti¬ 

ll 

ti- 

(86) 

‘I- — *1- ~ »ii 

(87) 

,*(0 _ ,*«« 
tir - ht 

(88) 

M,’ — M, = z+Mj, 

(89) 

V* - Vt = z+Vu 

(90) 

Theory of case 2 


This case is characterized by the equilibrium conditions 


grad Mi = 0 

(91) 

grad Mr = 0 

(92) 

Equation 64 therefore reduces to 


7,dp) 

(93) 


whkh is the exact law for case 2. 
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Taking F, to be independent of P, we may integrate equation 93 and 
obtain the approximate formula 

PT' = -^ S + V*AP) (94) 

r q 

where the asterisk as before indicates zero pressure. 

In order to eliminate AP from equation 94 we write, in accord with 
equation 1, 



= — [p]A^ (95) 

where [p] is in general merely a suitable mean value of the density of the 
solution. It is readily shown that for the only two cases of practical 
interest,—namely, (i) a cylindrical cell with the electrodes at the ends, in a 
uniform gravitational field, and (n) an annularly sectorial cell with the 
electrodes at the ends, in a centrifugal field,—the quantity [p] is exactly 
given by 

Ip] = y (96) 

where M is the total mass and V the total volume of the solution in sedi¬ 
mentation equilibrium. From equations 94 and 95 we obtain 

= -^ r - [p]F,*) (97) 

For electrode equilibrium A, equation 97 gives 

= £j(M„e-IplFi,) (98) 

For electrode equilibrium B, equation 97 gives 

[Mci - [p](F:*ci - Vl,)] (99) 

For electrode equilibrium C we obtain without approximations from the 
exact equation 93, since components q are absent, 

* 0 (100) 

Theory of case 3 

In this case q> and P are constant throughout, so that we obtain from 
equation 64 


“ j[ (z »'r grad Mr + SI grad w). 


(101) 
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and from equation 13 

grad Hi = RT grad log Nifi + ZiF grad (102) 

grad Mr = RT grad log JV,/r + grad (103) 

On substitution of equations 102, 103 into equation 101 the terms in 4' 
cancel and we obtain 

JT"' = ^ jf (Z grad log Nrfr + ZI grad log Nif^ d^ (104) 

In order to relate this equation to the sedimentation equilibrium from 
which the cell is derived, we mark quantities referring to this sedimenta¬ 
tion equilibrium with the superscript e and deduce from equations 91, 
92, and 51 

RT grad log Nifi + {Mi - p‘VV) grad + ZiF grad = 0 (105) 

RT grad log NX + {Mr - p‘F?*) grad / + ZrF grad = 0 (106) 

whence we obtain, since the terms in cancel, 

^ vr grad log Nif + ^ | 

+ ^ [z yr{Mr - M* F?*) + z I {Mi - p‘ 7?')] grad /.is = 0 (107) 
Subtraction of equation 107 from equation 104 gives 
£ (z »'r grad log -v^ + ^ ^ grad log 

-if E vr{Mr - p* F“r*) + Z | [M, - p‘ VV] grad (108) 

This is the exact law for case 3. 

For an approximate evaluation of the integrals in equation 108, it is 
convenient to regard Vi, Fr as independent not only of pressure but also 
of composition. According to this approximation we have 

7, = yj = = fS* (109) 

where 7?* is the partial molar volume at infinite dilution and zero pressure. 
The approximation furthermore permits us to regard the solution as 
incompressible and therefore to neglect the elastic displacement within 
the solution on passing from sedimentation equilibrium to the state 
grad <p 0. This means that at each point of the solution 

m - Ni 


(110) 
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Finally since, in general, from equations 12, 50, 56, 



( 111 ) 


it is evident from equations 109 and 110 that we also have at each point 
of the solution 




( 112 ) 


On substitution of equations 109, 110, and 112 (along with similar equa¬ 
tions for the components r) into equation 108, the first integral vanishes 
and the second integral can be evaluated to give 

ET' = [z vr{Mr - Ipl K*) + E (Mi - Ip*] FS*)] (113) 

in which [pT has exactly the same significance as [p] in equations 95, 96, 
97 for case 2, and the [<»] are suitable mean values of the transport 
numbers. 

For electrode equilibrium A, equation 113 gives 

E^' = U-] (M. - [p‘] fD (114) 

For electrode equilibrium B, equation 113 gives 

Eoa' = _ V 


For electrode equilibrium C, equation 113 gives, in terms of components 

I", ir, 

ET' = [(i + l«ir])(3f.. - [p'lFjf) 

- Q + [41 + [hr]) (M» - [p*] FD] (116) 


or alternatively, in terms of components I , Is, 

^ [(I + [«i.]) (Mu - [p'l Fj.*) - (M. - [p*] fD] (117) 


in which and [<ij become negligible if the excess of iodide is large. 


An approximate relation connecting cases 1, 2, and 3 

The following considerations apply to the cylindrical cell with electrodes 
at the ends in a uniform gravitational field such as that near the earth, and 
to the annularly sectorial cell with electrodes at the ends in a centrifugal 
field* In the case of the cylindrical cell, the gravitational field is applied 
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by placing the cell parallel to the field and may always be effectively re¬ 
moved by placing the cell perpendicular to the field. In the case of the 
sectorial cell, the field is of course applied and removed by startmg and 
stopping rotation. We shall assume the cell contents to be so nearly in¬ 
compressible and the cell container to be so nearly rigid that the changes 
in volume and shape of the solution and the electrodes on applying or re¬ 
moving the field are negligible. Let the cell be initially filled with a uni¬ 
form solution and a steady gravitational field applied. We then have case 
1 and the e.m.f. is very nearly that given by equation 75. Now let the 
gravitational field act until the solution has practically reached sedimenta¬ 
tion equilibrium. We then have case 2 and the e.m.f. is very nearly that 
given by equation 97. Finally let the field be removed. We then have 
case 3 and the e.m.f. is very nearly that given by equation 113. Under 
the circumstances we have the relations 


^^Cwe 1 — ^^Caao 2 — ^^PCase 3 

(118) 

PCaae 1 “ [plcaae 2 ~ (P Icaee 3 

(119) 

We also have, at least to a first approximation, 

(120) 


(121) 


Comparison of the three equations 75, 97, and 113 therefore yields the 
result that 

~ 0 ( 122 ) 

This approximate relation holds for any type of electrode equilibrium. In 
particular for electrode equilibrium C, moreover, equation 122 simplifies 
to 

Ecuo 1 + -^CaU 8 0 (123) 

owing to the exact equation 100. 

IV. CONCLUDING REMARKS 

On ihe relation between ^^gravity cells” and cells with liquid-liquid junctions 

By a ^^gravity cell” we mean the type of cell considered under case 1 
above. Physically the relation between ''gravity cells*' and cells with 
liquid-liquid junctions consists in the fact that in both cases the solution 
is subject to diffusion. In the foregoing we have arrived at a general 
theory of galvanic cells which includes both "gravity cells" and cells with 
liquid-liquid junctions as special cases. From this theory it is evident 
Umb analytically the relation between "gravity cells" and cells with liquid- 
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liquid junctions expresses itself in the fact that in both cases the calcula¬ 
tion of the E.M.F. as a function of chemical state and configuration de¬ 
pends upon the qrc. condition. It is the qrc, condition which in both cases 
causes transport numbers to appear in the equations for the e.m.f. In 
reference 8 it was proved that the qrc. condition is invariant under a 
change of the convention required to fix the numerical values of the trans¬ 
port numbers at each point of a given solution. It follows that, whenever 
the solvent is a non-electrolyte, one may set its transport number equal 
to zero and thus obtain exact equations involving the Hittorf numbers of 
the other components. The Hittorf numbers are thus sufficient but not 
necessary for an exact theory of ^^gravity cells’' as well as of cells with 
liquid-liquid junctions. 


On previous theoretical work 

Des Coudres published his researches on galvanic cells subject to gravi¬ 
tational (or centrifugal) fields in two papers appearing in 1893 (1) and 1896 
(3), respectively. In his first paper Des Coudres studies the cells 

Cd amalgam 1 solution of Cd chloride or iodide [ Cd amalgam 

the electrode equilibrium of which is of our t 3 q)e A. He points out the 
possibility of the physical situations designated by us as cases 1, 2, and 3, 
and derives equations for the corresponding e.m.f’s. by calculation of the 
work done on reversible flow of electricity through the cell. Except for 
slight diflFerences of notation, these equations of Des Coudres are identical 
with the equations which would result from our approximate equations 
77, 98, and 114 on dropping the terms p*Vt, [pWuey and [p*] Fj*. 

The absence of these terms is due to Des Coudres’s failure, in reference 1, to 
take into account the work due to ‘‘buoyancy forces” in the solution. 
In his second paper (3) Dos Coudres, at the suggestion of Nernst, corrects 
this error. With the theory thus improved he studies, in addition to the 
cadmium amalgam cells mentioned above, also the cells 

Hg I HgCl I solution of a single chloride | HgCl \ Hg 

the electrode equilibrium of which is of our type B (with mercury instead 
of silver). In reference 3 Des Coudres confines his attention to case 1 (i.e., 
to the “gravity cell”), for which he obtains equations essentially identical 
with our equations 77 and 79. These equations he verifies experimentally. 

It is worth mentioning that Des Coudres in 1895 (2) was the first to 
obtain the differential equation for rate of sedimentation in a gravitational 
field and to solve it approximately. From his solution he was able to 
show that the rate is much too small to interfere with the measurement 
of the E.M.F. of “gravity cells” in the earth’s field. 

Following Des Coudres the only work of importance has been that of 
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Tolman, who in 1910-11 (11) published a very thorough experimental and 
theoretical study of ^^gravity cells^' with electrodes Pt \ I~ It (i.e., case 1, 
electrode equilibrium C). Tolman was the first to deduce what is essen¬ 
tially equation 86 above. He did this by two methods, of which the first 
is a thermod 3 mamic one similar to that of Des Coudres, and the second 
combines a thermodynamic calculation of the contribution of the elec¬ 
trodes to the E.M.F. with a kinetic calculation of the contribution of the 
solution, after the manner of Nemst (10) for cells with liquid-liquid 
junctions. By Virtue of this derivation Tolman is in fact the first to point 
out the fundamental similarity between ‘'gravity cells'' and cells with 
liquid-liquid junctions. Tolman gives a careful account of the approxi¬ 
mations involved in equation 85. 

V. SUMMARY 

With the help of the condition for quasi-reversible conduction (8), 
general equations are deduced which express the e.m.f. of a galvanic cell 
subject to arbitrary gradients of the gravitational potential and of the 
mole fractions, as a function of the chemical state at every point and of 
the configuration (equations 32, 34, 38, 39), It is shown that, when the 
gravitational field strength is zero, these equations reduce to the general 
equations for cells with liquid-liquid junctions (equation 48), whence the 
e.m.f. becomes independent of the gravitational potential. The electric 
potential difference in a solution subject to a gravitational field is calculated 
as a function of chemical state and configuration (equations 54, 55, 58, 
69) and is shown to be thermod 3 mamically indeterminate. From the 
general equations the laws for certain special types of cell of experimental 
interest are deduced in detail (equations 71, 75, 77, 79, 82 to 85, 93 to 100, 
108, 113 to 117, 122, 123). Previous theoretical work on galvanic cells 
subject to gravitational fields is reviewed. 
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The need of precise specific heat data of aqueous salt solutions in the 
field of thermochemistry has been recognized for many years. Within 
the past twenty years it has been shown that such data are of perhaps 
greater value in the field of thermodynamics, and more recently they have 
been shown to be of value in checking recent theoretical deductions con¬ 
cerning the electrical nature of aqueous solutions. Several years ago a 
start was made with the two simple salts sodium chloride and potassium 
chloride at the temperatures 15®, 25®, 35®, and 45®C. This paper will 
have for its object the description of the apparatus^ used and the presen¬ 
tation of the results obtained in this research. 

APPARATUS 

The apparatus was a modification of that used by Richards and Gucker 
(4), who applied adiabatic calorimetry to the electrical twin method first 
invented by Joule (2) and later improved by Pfaundler (3), and who first 
developed the substitution method of comparing specific heats. On 
carefully studying their apparatus the following improvements suggested 
themselves: (i) a closed calorimeter, {B) thermels completely covered,^ 
(3) stirring a little more positive and geared, and {4) a vacuum jar instead 
of a dead air space. The apparatus was nearly completed when a paper 
appeared by Gucker (1) describing a modified twin calorimeter incor¬ 
porating the first three points just mentioned, but since his set-up is some¬ 
what different from the present one, a full description of the apparatus 
appears to be desirable. 

The apparatus consists mainly of two Dewar flasks® as calorimeters 
(A and B) suspended in a water jacket. Figure 1 shows the whole set-up 
and the top and side views of one of the calorimeters in some detail. 

Calorimeters 

Since a closed calorimeter was desired, some suitable method had to be 
found to fasten the glass Dewar flask (H) to the heavy cast-brass (silver- 

^ Recently some results (6), which were precise to 0.01 per cent, were obtained 
with a modified form of this apparatus. 

• This point was suggested in an interview with Dr. W. P. White. 

* Obtained from Manning, Bowman and Co., Meriden, Connecticut. 
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plated) ring* (J, in figure 1). A mixture of litharge and glycerol (I) was 
first tried, but invariably the flask broke when the assembled apparatus 
was heated to 36® to 40®C., thus indicating a rigidity too great for the 
purpose in hand. deKhotinsky cement was then used and proved suc¬ 
cessful. It was necessary, however, to provide some additional support 
(not shown) for the Dewar, because the cement softened a little at 45°C. 
and there was danger that the flask would become detached from the ring. 
The Dewar flasks had a capacity of about 1 liter. The volume of solution 
used was very nearly 700 cc.; the air space above the solution was about 
260 cc. 

The annular ring (J) was fastened to the heavy cast-brass cap (K) above 
it by six bolts fitted with wing nuts (L). A very gradual and accurately 
machined tapered joint is shown at N. Before assembling the apparatus 
this tapered joint was given a final careful grinding with fine rouge. This 
joint has worked satisfactorily throughout this research. The heavy brass 
cap was fitted with four sleeves (three are shown in figure 1), brazed to the 
cap. Three of the sleeves were provided with packing boxes (0) which 
were water-tight; through two of these sleeves passed two thermels (to be 
described later) and through the other passed the heater (described below). 
The fourth sleeve was somewhat longer than the others and carried the 
calorimeter stirrer; it was centrally located in the cap and calorimeter. 
The top of the fourth sleeve carried a little cup in which was placed a small 
amount of oil to provide a seal (to be described more fully below). 

Both the annular ring and cap with its sleeves were heavily plated with 
silver before the calorimeters were assembled. The flasks were chosen 
from a considerable number because of similar heat leaks. 

Calorimeter heaters 

The two calorimeters were heated by means of two electric heaters 
(D). These heaters should have nearly the same resistance and heat ca¬ 
pacity; they should be rugged and as nearly lagless as possible; they should 
furthermore be permanent, since the failure of a heater may entail the con¬ 
struction of a new heater and also the restandardization of the apparatus. 
Heaters meeting these requirements in a satisfactory way were constructed 
as follows: The requisite length of nichrome ribbon (1/32 in. x 0.004 in.) 
was wound bifilar on a slotted strip of mica, and the ends of the ribbon 
were soldered to copper wire (No, 18 B. & S. gauge). The resistances were 
adjusted to ±0.2 per cent by the usual method. Thin protecting pieces 
of mica were tied with thread to the slotted strip and the whole was then 
slipped into the case of the heater. The case was then flattened in a vise 

^Valuable suggestions concerning the construction of the ring and cap were 
obtained from Professor Farrington Daniels. 
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and closed with a small amount of solder. The case,* which was of thin 
copper, chromium-plated, had been previously fitted at its upper end with 
a special packing box similar to (but considerably smaller than) those used 
on the three sleeves of the caloiimeter cap; a glass tube (Pyrex) was also 
fitted into this packing box and made water-tight by the application of a 
small amount of litharge and glycerol and, after this had ^ied, several 
coats of waterproof varnish were applied to this surface. The copper 
leads passed through this Pyrex tube and could be connected separately 
or in series with the leads of the duplicate heater and with the 110 n.c. 
current supply. The heaters were designed to heat 700 g. of water 2“C. 
in 6 min., using 1.4 amperes. 


Calorimeter stirrers 

These stirrers (E) were two-bladed, were made of brass (chromium- 
plated), and were fitted into fibre tubing at their upper ends to prevent 
imdue heat leakage and friction. At the point where the stirrer shaft 
emerged from the stirrer sleeve there was placed an inverted cap which 
dipped into the small amount of oil forming the oil seal. Both stirrers 
were run at 75 b.p.m. through sprockets mounted on ball bearings and 
connected by a chain drive to the drive shaft (not shown in figure 1). 

Thermels 

The thermels were three in number and were constructed of copper- 
Constantan according to the recommendations of White (7). The main 
thermel (F) was made in two opposable sections of twelve junctions each, 
from No. 36 d.s.c. copper wire and No. 30 Constantan (Advance) tested 
for thermoelectric homogeneity by White’s method. It had a tqjial 
resistance of 140 ohms. 

The two smaller thermels (G) were each made in two opposable sections 
of four junctions each, using No. 40 d.s.c. copper wire and No. 31 d.s.c. 
Constantan wire tested as above mentioned. The resistance of the small 
thermels was 72.5 ohms. 

The thermd cases were of Pyrex glass and were joined by an inverted 
tee fitted with packing boxes. The leads were brought out the top of the 
tee and encased in rubber tubing to protect them from moisture and 
damage through handling. 

The main thermd or the two small ones (in series) could be connected 
at will to the high-s«isitivity Leeds and Northrop galvanometer. The 
instrument was ballasted for critical damping and found to have no ap¬ 
preciable zero drift, other than that caused by changing room tempera¬ 
ture. The sensitivity of the main thermel was about 0.00029” per milli- 

' These cues were those used in the construction of the Cenco Lagless Knife Type 
Heaters and were supplied by the Central Scientific Company. 
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meter on a scale about 4 meters from the galvanometer, while that of the 
smaller thermels in series was about 0.00087® per millimeter. 

The galvanometer, thermel circuits, and energy circuits were pro¬ 
tected by a complete equipotential shield according to the recommendation 
of White and proved satisfactory in every way. 

Jacketf etc. 

The jacket consisted of a round copper tank (C), 18 in. x 20 in., heated 
by Cenco lagless knife type heaters of approximately 2300 watts capacity. 
A suitable variable resistance was placed in series with one of the heaters to 
enable a fine adjustment of heat during a run under adiabatic conditions. 
Two elongated 40-watt bulbs, one of which had a variable resistance in 
series with it, were used especially in holding the jacket to the desired 
temperature during the ^Tore^’ and ‘*aft^^ periods. A three-bladed propel¬ 
ler stirrer (P), rotated at 300 r.p.m. through a chain drive, agitated the 
water vigorously. The jacket was provided with a cooling coil and electric 
pump for circulating ice water through it, to obtain temperatures below 
that of the room. 

The jacket was placed on a platform which could be raised or lowered 
by a suitable mechanical device. This arrangement made it possible to 
fasten the calorimeters rigidly to the upright posts; this proved satisfactory 
in every way. Throe sides and the top of the supporting framework were 
built solid, thus aiding the attainment of temperature constancy in the 
set-up. 

A Beckmann thermometer was inserted in the jacket and served to de¬ 
termine the temperature interval (2®C.). This thermometer could be read 
and raised or lowered from the operator's seat. It was of course necessary 
to reset the thermometer at each temperature. Another thermometer of 
precision grade, having a range of 0® to 50®C. and having been carefully 
compared with one of similar range standardized by the Bureau of Stand¬ 
ards, served to determine the average temperature of the run to ±0.02®C. 

MATERIALS, CONSTANTS, ETC. 

The salts used in this work were anhydrous c. p. samples thoroughly 
dried* in an oven at 130®C. The water used was the laboratory supply 
of freshly distilled water. 

The molality of a given solution was calculated from the weight of the 
water and the weight of the salt added, using the international atomic 
weights for 1939. The water in the flask was weighed to 0.01 g., while the 
added salt was weighed in milligrams except in the case of the more dilute 
solutions, where it was weighed to a tenth of a milligram. 

• Richards and Hall (6) have apparently shown that sodium chloride so treated 
contains 0.07 per cent water. 
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Because of flie pronounced heat of solution in the more concentrated 
solutions it was necessary to prepare solutions of approximately the de- 
nred molality in glass-stoppered bottles. A portion of the prepared 
solution was then weighed into the solution calorimeter. The molality 
was determined by evaporating a sample to dryness and heating the 
residue to ISO^C. 

Calibrated weights were used throughout. The weights of water were 
reduced to weights in vacuo. 

The specific heats of water used in the calculations were obtained from 
the IniemaMonal Critical Tables; at 15®, 25®, 35®, and 45®C. the values are 
1.0000,0.9979,0.9974, and 0.9976, respectively. 

BXPBRIMBNTAL MBTHOD 

Method of standardization 

This method was identical with the method first used by Gucker (1). 
It may be likened to determining the sensitivity of a chemical balance 
In the calorimetric analog, a definite weight of water (Wo) is always put 
into the tare calorimeter while varying weights (Wi) of water are put into 
the solution calorimeter; on heating the two with similar heaters under 
adiabatic conditions over a range of 2®C. the deflections of the galvanom¬ 
eter are carefully noted. The uncorrected weight of water always used in 
the tare calorimeter was 700.00 g., while for the solution calorimeter the 
weights of water were 705.00,700.00, and 692.00 g. Two sets of standard¬ 
izations were necessary because one of the Dewar flasks broke after one 
month of service; the data, at the temperatures 15®, 25®, 35®, and 45®C., are 
found in table 1. In the second set of standardizations no runs were made 
with 700.00 g. (uncorrected) in the solution calorimeter, since it was found 
that the data of the first set gave a straight line on plotting and there was 
no reason to suspect that the second set would act differently. 

The values of table 1 are given at the approximate mean temperatures 
of the determinations; the actual mean temperatures were 15.07®, 25.14®, 
35.13®, and 44.95®C. A simple calculation shows that no appreciable error 
is introduced in doing this. 

Experimenlai procedure 

For the actual measurement of specific heat, freshly distilled water was 
cooled to 10-12®C., and 700.00 g. (uncorrected) weighed into the tare calo¬ 
rimeter. The calorimeter was immediately put in its proper place and the 
wing nuts tightened snugly. Cooled distilled water was likewise weighed 
into the solution calorimeter and the proper weight of salt added. The 
solution calorimeter was put in place and the wing nuts tightened. The 
jacket, cooled to a little below 14®C., was next raised into position. Cold 
water was added to bring the level of the jacket to the position shown in 
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figure 1. Then, with stirrers operating, the jacket was made ready for the 
determination by heating to the proper temperature. 

The two calorimeters were then heated to the same temperature and to 
the temperature of the jacket. The temperatures of the calorimeters 
were adjusted to within 0.0006®C. of each other and to within 0.001®C. of 
the temperature of the jacket. 

About 10 min. after the initial temperature adjustments, readings of 
the galvanometer deflections were made every 2 min. for 10 min. Then 
the run was started by closing the switches to the calorimeter and the 
jacket heaters. The rise in the temperature of the water jacket was 


TABLE 1 

Water standardization data 


DBWA.B FLASKS 

WBIQHT OF 
WATBR 

(in vacuo) 

APPROXIMATE MEAN TEMPERATURE 

1 IS^C. 

j 25“C. 

35-C. 

[ 46*0. 


grama 





A-B 

705.74 

4-3.93 

4-4.33 

4-4.95 

1 4-4.56 



4-3.70 

4-4.14 

4-4.71 

4-4.00 



4-3.78 

4-4.40 

4-4.90 

4-4.05 

A-B 

700.74 

4-0.90 

4-1.03 

4-1.65 

4-0.96 



4-1.02 

+1.30 

4-1.88 

4-1.13 

A-B 

692.73 

-3.21 

-3.60 

-3.22 

-3.53 



-3.45 

-3.27 

-2.89 

-3.60 



-3.39 

-3.26 

-2.95 

-3.41 

A-C 

705.74 

4-4.20 

4-4.52 

4-4.88 

4-4 25 



4-3.88 

4-4.23 

4-4.79 

4-4.27 



4-4,02 

4-4.27 

4-4.91 

4-4.34 

A-C 

692.43 

-2.96 

-3.02 

-2.49 

-3.16 



-2.86 

-2.95 

-2.55 

-3.16 


noted on the Beckmann thermometer; when this thermometer indicated 
that a rise of nearly 2®C. had occurred, the current was turned off. About 
8 min. were then allowed to insure thermal homogeneity in each calorim¬ 
eter before the galvanometer deflection was read again. After this the 
readings were repeated at 2-min. intervals for an ‘^after” period of 10 min., 
to make sure that a steady state had been reached. 

During the heating period, the thermels which register the difference in 
temperature between the calorimeters and bath were connected to the 
galvanometer, and observations of the scale were made continuously. By 
occasional slight adjustment of the heating currents, the temperature of 
the bath was kept to within =b0.008®C. of that of the calorimeters (which 
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themBelves seldom differed by more than 0.009‘’C.)> Better agreement 
was obtained in the “fore” and “alt” periods, and in this way heat transfer 
between the calorimeters and thdr surroundings was made practically 
negligible. When a determination was finished, the apparatus was heated 


TABLE 2 

A complete record of a typical determination 
August 10,1029; run Q-2; 0.300 molal potassium chloride; approximate temperature, 



TABU 

SOLUTION 

Calorimeter -f contents.. 
Calorimeter. 

2256.94 g. 

1555.94 g. 

700.00 g. (water) 

2224.50 g. KCl - 
1503.73 g. 

720.77 g. (solution) 
16.77 g. (KCl) 
706.00 g. (water) 

Contents. 



15.768 g. 


T1MN OF 
BBADINO 

DIFFIIR* 

BNCB 

OALVA- 

NOlfBTBB 

RBAOXNOS 

DBV1.B0- 

TION 

CBANQB 

TIMB 

FACTOR 

TBBND 

7:18.0 


-0.30 




20.0 


-0,30 




22.0 


-0.34 




24.0 

10 

-0.36 

—0.10 (fore) 

7/10 

-0.07 (fore) 

26.0 


-0.40 




28.0 


-0.40 





14 


+2.40 (experiment) 



42.0 


+2.00 




44.0 


+1.98 




46.0 


+1.98 




48.0 

10 

+1.96 

-0.08 (aft) 

7/10 

-0.06 (aft) 

50.0 


+1.90 




62.0 


+1.92 





AG - +2.40 - (-0.13) - +2.53 cm. 

(Corrected 2®C.) AG — +2.52 cm. 

Final temperature, 3.910°; initial temperature, 1.010°; rise (uncorrected), 2.000°; 
rise (corrected), 2.012° 

Initial temperature of bath, 34.17°C.; mean temperature, 35.18°C. 


adiabatically (to avoid condaisation effects, etc.) to the temperature de¬ 
sired for the next run, thus making it possible to use the same sample of 
soluticm for determinations at 15°, 25°, 35°, and 45°C. 

A typical experimmt 

The log td one of the runs ^ploying the Dewar flasks A-C is given 
in table 2. The avonge value of AO obtained in two runs was +2.53 cm. 






TABLE 3 

Specific heats of sodium and potassium chloride solutions: summary of experimental results 
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0.9974 
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0.9936 

0.9916 
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I ed more carefully. It is planned to present the results of this investigation in the following paper. 
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(see table 3); from the graph obtained in the water standardization, 
the weight of water which at 35®C. gives this deflection is 701.64 g. (in 
vacuo). The weight of solution, corrected to the vacuum standard, is 
721.52 g., so that the specific heat of the solution referred to water is 
equal to 701.64 721.52 * 0.9724; the specific heat of the solution is 

thus 0.9724 X 0.9974 = 0.9699. 

EXPERIMENTAL RESULTS 

In table 3 will be found a summary of the results obtained with the two 
salts, sodium chloride and potassium chloride, at 15®, 25®, 35®, and 45®C. 
The first column gives the molality of the salt. Under AO will be found 
(in general) three figures separated by commas; the first is the average de¬ 
flection of the galvanometer in centimeters, the second gives the number 
of determinations made, while the third gives the average deviation from 
the mean in hundredths of a centimeter; thus for 0.0500 molal sodium 
chloride at 35®C. three runs were made whose average deviation was 0.04 
cm., as may be seen from the three figures 3.35, 3.27, and 3.36. Under 
the column headed “specific heat^’ will be found the specific heats of the 
solutions in 15®C. calories (see the section headed “Materials, constants, 
etc.'' for the values of the specific heat of water used in these calculations). 

DISCUSSION OP RESULTS 

The determinations at the lower concentrations of sodium chloride 
were made first, thus less perfect technique is the most plausible explana¬ 
tion for the larger deviations from the mean noted in these runs; but even 
if these are included in a calculation of the average deviation for all the 
runs a value of 0.032 cm. is obtained, distributed as follows: 0.028, 0.035, 
0.023, and 0.040 cm. at the respective temperatures 15®, 25®, 35®, and 45®C. 
This average value, 0.03 cm., corresponds to nearly 0.06 g. of water, as an 
inspection of table 1 will show; since 700 g. of water is involved in each 
determination the precision of measurement is seen to be a little better 
than 0.1 part per mille* 

Of all of the runs only two have been omitted from table 3, since the 
results were definitely out of line with the others made under similar 
conditions; one of these was at 45®C. and 0.01 molal sodium chloride, the 
other was at 25®C. and 0.05 molal sodium chloride. 

Roughly, the first third of the runs (as listed in table 3) was made with 
the Dewar flasks A~B. An uncalibrated Beckmann thermometer was 
used to measure the rise in temperature in these runs, so there may be in 
some instances an uncertainty of several hundredths of a centimeter in the 
AG values, which may be reduced somewhat because the same thermom¬ 
eter was used in the corresponding water standardizations. The last two 
thirds of the runs were made with Dewar flasks A~C. In these runs a 
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Beckmann thermometer which had been carefully compared with one 
standardized by the Bureau of Standards was employed; the corrections 
for a 2®C. rise in temperature varied from +0.009 to +0.018®. No 
correction was made for the varying amount of mercury in the bulb of the 
thermometer at the different temperatures, but calculations of the mag¬ 
nitude of this correction have been made. A rough average value of 
AG for all of the runs (2.4 cm.) was employed, and it was found that at 
15®, 25®, 35®, and 45®C. the final effect on the specific heat on the percentage 
basis was —0.001, +0.001, +0.002, and +0.004, respectively. It is 
evident that such corrections are unnecessary in this research. 

Some of the runs were made at average temperatures somewhat re¬ 
moved from the nominal values given in table 3; the greatest difference in 
these two temperatures was 0.22®C., while the average for all the runs was 
slightly less than 0.1°C., distributed as follows: 0.06®, 0.13®, 0.13®, and 
0.08® at the respective temperatures 15®, 25®, 35®, and 45®C, An average 
value of the temperature coefficient of the specific heat was used to calcu¬ 
late the effect of this error on 1 molal potassium chloride solution at 45®C.; 
it was found that the specific heat of this solution was changed by 0.002 
per cent fol* a 0.2®C. change in temperature. Therefore no effort was made 
to correct any of the specific heat values to the rounded temperatures listed, 
but it is apparent that as the precision of measurement is increased it will 
become necessary to do so. 

The concentrations of the solutions were made with the precision in¬ 
dicated, which was considerably higher than was necessary, as may easily 
be seen by inspecting table 3. 

The weights of water and solution were not corrected for evaporation 
losses, nor was any correction applied for the different heat input required 
in the two calorimeters, owing to the different weights of water vaporized 
during a run, A calculation of this effect was made, using the best data 
available, but only the result will be given here. For a 1 molal solution 
at 45®C. it was found that the solution calorimeter would lose at the most 
1.76 mg. of water by evaporation, while the tare calorimeter would lose 
0.05 mg. more. This weight of water would require about 0.025 calorie 
for its vaporization, but since the total heat absorbed by the solutions was 
about 1400 calories, it is seen that such a correction would be superfluous 
in the present research. 

Because of lack of time the present authors were unable to complete the 
calculations. Therefore empirical equations for the apparent molal 
heat capacities of these solutions, as well as a discussion of the results, 
will be found in the following paper, but it may be said here that the specific 
heats at 25®C. compare favorably with results which are believed to be 
precise to 0.01 per cent. 
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STnilCABT 

1. A modified twin calorimeter is described in some detail 

2. Specific heats are presented for sodium chloride and potassium 
chloride solutions at four temperatures. The concentration of the solu¬ 
tions ranged from 0.01 to 1.0 molal. 

This research was carried out at the suggestion of and under the direction 
of Professor Arthur A. Sunier; grateful acknowledgment is here made of 
his astistance. 
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In recent years precise specific heats for aqueous salt solutions have 
been determined principally from 18° to 25°C., although results have been 
reported at a few higher and lower temperatures. Apparently no attempt 
has been made to investigate thoroughly the region from 35° to 46°C. 
This temperature range is particularly interesting, since the specific heat 
of water is known to pass through a minimum at 38°C. Furthermore, 
earlier work (9) in this laboratory on sodiiun chloride solutions seemed to 
show a departure from the usual linear relation for $ at 45°C., while the 
results at 35°C. were definitely linear. It therefore seemed advisable to 
study the specific heat of dilute sodium chloride solutions at several tem¬ 
peratures in this range. In this paper new measurements are reported 
at 35°, 38°, 41°, and 45°C. for sodium chloride solutions which varied in 
concentration from 0.01 to 0.20 molal, and the data of Hess and Gramkee 
(9) are discussed in considerable detail. 
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APPABATUS AND MATERIALS 

The apparatus used previously (9) was set up in a more suitable labora¬ 
tory and a few minor changes were made; somewhat better results were 
obtained under these conditions. The calorimeter stirrers were run at a 
higher rate of speed (138 r.p.m,). Several coatings of Bakelite varnish 
were found to make the deKhotinsky seal between the annular ring and 
the Dewar jar more permanent at 45®C. The top of the annular ring was 
coated with a thin layer of stopcock grease to insure a water-tight ground 
joint. 

The leakage constants (k = degrees per minute per degree) and the 
heat of stirring (w = degrees per minute) were determined by obtaining 
the rate of heating under two thermal heads. With the larger value of k 
it was difficult to measure the small fraction of the total heat due to stir¬ 
ring. However, the heat of stirring is probably the same in the two units 
because of the method of operating the stirrers. The approximate heat 
capacity of a calorimeter unit was determined by the electrical method. 
The values, which are given in table 1, are the average of several ex¬ 
periments. 


TABLE 1 

Constanta of the apparatus 


TBMPBBATUBli 

BAHaB 

SOLUTION 

k 

TABS * 

k 

TABB 

W 

HXAT CAPACXTT 

•c. 




ealorieB per degree 

28-34 

0.0021 

0.0013 

0.00007 

102 


The solutions were made from Baker^s c.p. sodium chloride, which was 
not further purified, but was dried for several days at 120®C. The solu¬ 
tions were prepared as described in the preceding paper. 

PROCEDURE 

The only change in the method was to lengthen the 'Tore'' and "aft" 
periods to 14 min. The value of AG was determined graphically from a 
plot of the galvanometer deflections; this procedure was sufficiently 
precise in the present case. In the standardization of the calorimeter 
700.00 g. of water was always placed in the tare, while the solution calorim¬ 
eter contained 705, 710, and 715 g. (uncorrected) of water. Several 
determinations were made with each of these weights of water in the solu¬ 
tion calorimeter. The averaged points are plotted for the four tempera¬ 
tures in figure 1. The radii of the circles are proportional to the average 
deviation of the runs. Probably the error of the standardization runs is 
about dzO.Ol per cent. The equivalent weights of water for the salt 
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runs were obtained from this plot. At frequent intervals during the 
course of the research a standardization run was made to insure constancy 
of the apparatus. 

The Beckmann thermometer, which was used to measure the tempera¬ 
ture rise in all of the determinations, was carefully compared with a 
thermometer standardized by the Bureau of Standards, and suitable 
corrections were applied. The temperature rise was also corrected for 
the varying amounts of mercury in the bulb at the different temperatures; 
the magnitude of this correction is briefly discussed in the preceding paper. 



70SJ4 707.74 709.74 711.74 70.74 71SJ4 

GMS.0FVATCRHI SOL’N CALORIMCTCR 

Fig. 1. Plot of water standardization data 


KESULTS 

In table 2 the data for the sodium chloride solutions are summarized at 
36®, 38®, 41®, and 46®C. The first column records the molality and also 
the weights {in vacuo) of the salt and water with which the solution 
calorimeter was charged. The second column gives the nominal tem¬ 
perature, since the specific heat changes only slightly with the tempera¬ 
ture. The thiid and fourth columns record the AG values, which are the 
average of three determinations (except at 0.01 molal where four runs 
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were averaged) and the average deviation, respectively. The average 
deviation for all runs is 0.06 cm., which is equivalent to a change of 0.01 
per cent in the specific heat. The fifth column gives the specific heat in 

TABLE 2 


Summary of results for sodium chloride solutions 


ICOLAUTT 

TBIfPSBA* 

TUBS 

AO 

AVBBAOll 

DBYXATION 

SPOCIFIC 

BBAT 

« 

* (calcu¬ 
lated) 





eoZ.u<> per 




•c. 

cm. 

em. 

degree per 







gram 



0.00999 

36 

1.19 

0.07 

0.9967 

-12.8 

-17.5 

(salt, 0.416 g.; water, 

38 

0.85 

0.08 

0.9966 

-24.8 

-19.6 

712.75 g.) 

41 

1.22 

0.04 

0.9966 

-22.8 

-19.7 


45 

1.49 

0.07 

0.9968 

-24.7 

-18.7 

0.03283 

36 

1.68 

0.07 

0.9960 

-14.6 

-16.7 

(salt, 1.371 g.; water, 

38 

1.35 

0.09 

0.9950 

-15.8 

-18.1 

713.49 g.) 

41 

1.84 

0.11 

0.9960 

-14.3 

-17.9 


46 

1.87 

0.14 

0.9962 

-14.0 

-17.1 

0.04994 1 

36 

0.69 

0.04 

0.9936 

-19.2 

-16.2 

(salt, 2.081 g.; water. 

38 

0.41 

0.05 

0.9936 

-19.6 

-17.3 

712.76 g.) 

41 

0.79 

0.02 

0.9936 

-18.4 

-16.9 


45 

1.03 

0.06 

0.9938 

-18.6 

-16.2 

0.06993 

35 

1.35 

0.07 

0.9923 

-14.4 

-15.8 

(salt, 2.917 g.; water, 

38 

1.13 

0.01 

0.9922 

-16.9 

-16.5 

713.76 g.) 

41 

1.66 

0.02 

0.9923 

-15.6 

-15.9 


46 

1.85 

0.01 

0.9926 

-14.9 

-16,4 

0.09989 

35 

1.19 

0.07 

0.9904 

-12.7 

-15.2 

(salt, 4.178 g.; water. 

38 

1.03 

0.04 

0.9902 

-14.0 

-15.6 

713.76 g.) 

41 

1.51 

0.04 

0.9904 

-11.8 

-14.8 


46 

1.64 

0.02 

0.9905 

-13.6 

-14.4 

0.1299 

36 

0.86 

0.10 

0.9879 

-15.6 

-14.7 

(salt, 6.418 g.; water, 

38 

0.66 

0.06 

0.9879 

-15.2 

-14.7 

713.76 g.) 

41 

1.00 

0.05 

0.9879 

-15.5 1 

-13.7 


46 

1.28 

0.08 

0.9881 

-15.6 

-13.6 

0.1608 

36 

0.61 

0.04 

0.9868 

-15.1 

-14.3 

(salt, 6.668 g.; water, 

38 

0.36 

0.04 

0.9857 

-16.4 

-14.0 

713.75 g.) 

41 

0.96 

0.06 

0.9861 

-12.9 

-12.8 


46 

1.34 

0.03 

0.9866 

-11,5 

-12.8 

0.2000 

36 

1.28 

0.08 

0.9832 

-13.4 

-13.8 

(salt, 8.347 g.; water, 

38 

1.25 

0.06 

0.9834 

-12.6 

-13.1 

714.76 g.) 

41 

1.70 

0.02 

0.9836 

-11.3 

-11.7 


46 

1.84 

0.03 

0.9837 

-12.2 

-11.8 
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16®C. calories. The specific heat of water was taken as 0.9974 at 36®, 
38®, and 41®C., and as 0,9976 at 45®C. 

The calcxilations of $ were based on the average specific heat values 
carried to five significant figures; they were then rounded to 0.1 calorie 
and are given in column six. This rounding process accounts for the 
occurrence in several instances of different values of ^ when the specific 
heat is the same at the temperatures 35®, 38®, and 41®C. The calculated 

values given in the last column were obtained from empirical equations 
derived from the specific heats (carried to five significant figures), in turn 
obtained from the individual values of A(?. 

TREATMENT AND DISCUSSION OP RESULTS 

Empirical equations were derived for the apparent molal heat capacities 
by the method of least squares. A given error in the specific heat produces 
a large percentage error in <i> in dilute solution, but the error rapidly 
diminishes as the concentration increases (see dotted lines in figure 2). 
For this reason it is advisable to weight the 4> values in proportion to the 
concentration before the least squares procedure is applied. Since ACp 
is defined as m#, the weighting may be accomplished by fitting the data 
expressed as ACp to an empirical equation of the form: 

ACp = A'm + + . . . 

In order to test the procedure the precise results of Randall and Rossini 
(18) with sodium chloride at 25®C. were treated by this method. Since 
their values when plotted against showed a slight but definite curva¬ 
ture, it seemed advisable to fit the data to a parabolic^ as well as a linear 
equation. The following equations were obtained: 

^ = -23.36 + 13.28wi/2 + 0.50m 

^ = -23.95 + 14.41m 

The probable errors of a single observation from the empirical equations 
are approximately 0.005 per cent (parabolic) and 0.007 per cent (linear). 
A curve was constructed from the rounded values of Randall and Rossini, 
and the probable error of each observation from this curve was found 
to be about 0.01 per cent. The parabolic equation seems to fit the data 

* Recently Gucker, Ford, and Moser (3) have found that a parabolic equation is 
necessary to represent adequately their apparent heat capacity data on aqueous 
solutions of glycine and glycolamide; the form of their equation is 

^ M 4- am + 6m* 

the constants being obtained by a least squares procedure. A similar form of equa¬ 
tion was used by Gucker, Pickard, and Planck (4) in connection with heat capacities 
of sucrose solutions. 
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more closely than the curve which Randall and Rossini drew. Thus the 
slope becomes a function of the concentration. Other investigators 
(6, 27) have shown from heats of dilution that the slope of the curve for 
sodium chloride is not constant but varies with the concentration. 

The present results (table 2) were fitted to linear equations. The 
constants for the $ equations are summarized in table 3 for the four tcm- 



Fio. 2. Plots of the apparent molal heat capacities for sodium chloride solutions 

TABLE 3 


Constants for the heat capacity equations 


TSMPBBATUBli 

A 

or 

B 

d*/dw»/» 

Bi 

dCpj/dmi/* 

"C. 




35 

-18.61 

+10.83 

+16.25 

38 

-21.42 

+18.56 

+27.84 

41 

-22.01 

+22.96 

+34.44 

45 

-20.67 

i +19.81 

+29.72 


peratures. Also the slopes (5i) of the corresponding partial molal heat 
capacity equations are given in the last column of table 3. The two slopes 
differ by a factor of 3/2. The intercepts for both equations are identical. 
Plots of the individual runs show no deviations from these equations which 
are substantially greater than ±0.01 per cent. Also the probable error 
of a single determination for each equation calculates to ±0.01 per cent. 
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Therefore the equations adequately represent the data. At 46®C. and 
in the range of concentration up to 0.30 molal the results of Hess and 
Gramkee indicate a minimum in the * verms curve (see figure 3). 
The present results give a linear equation throughout the range of con¬ 
centration studied; it has not been possible to ascertain, with certainty, 
the reason for this discrepancy. 

Since the uncertainty in the standardization runs is estimated at zfcO.Ol 
per cent, the precision of the heat capacities is placed at ±0.02 per cent. 
In figure 2 the average values of the apparent molal heat capacities are 
plotted at the four temperatures. The dotted lines indicate an error of 
±0.02 per cent from the 41®C. curve. From this plot it is evident that 
the four equations as well as the averaged points are almost entirely con¬ 
tained within the dotted lines. These results tend to prove that the ap¬ 
parent molal heat capacities for these dilute solutions remain constant 


TABLE 4 

Constants for the heat capacity equations* 
Derived from Hess and Gramkee^s data 



BOBXUM CHLOBIDB SOLUTIONS j 

POTASSIUM CHLOBIDB SOLUTIONS 

TKMPDB* 

ATURB 

A 

or 

B 

d*/dm*/* 

Si 

dUp^/dm}/* 

Probable 

error 

A 

or 

B 

d*/dm*/* 

Bi 

dCp^/dm^/* 

Probable 

error 

•c. 

15 

-27.19 

1 

+13.48 

+20,22 

percent 

0.02 

-34.18 

+12.08 

+18.12 

percent 

0.02 

25 

-21.46 

+11.80 

+17.77 

0.02 

-29.14 

+9.85 

+14.77 

0.02 

35 

-19.76 

+12.28 

+18.42 

0.01 

-24.91 

+7.53 

+11,30 

0.03 

45 





-24.39 

+7.64 

+11.46 

0.02 


* The author wishes to thank Mr. Joseph T. Anderson for the valuable aid which 
he rendered in connection with the least squares calculations. 


from 36® to 46®C. The precision of the apparatus is not sufficient to 
resolve the individual ^ curves (if linear) in this range. If there were a 
transition from a linear curve to one with a minimum, the precision should 
be sufficient to indicate it. 

TREATMENT AND DISCUSSION OF THE RESULTS OP THE PRECEDING PAPER 

In the preceding paper, Hess and Gramkee presented specific heats for 
sodium chloride and potassium chloride solutions at several temperatures. 
Their results (except those for sodium chloride at 45®C.) were treated in 
the same manner as described above. The constants for the empirical 
(linear) equations for both the apparent and partial molal heat capacities 
are found in table 4. The probable error of a single determination is 
given for each temperature. 

Plots of the values for sodium chloride and potassium chloride at 
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16®, 36®, and 46®C. are shown with the corresponding linear equations in 
figures 3 and 4, respectively, while in figure 5 the 26®C. results for both 
salts are plotted along with the linear equations. Two runs at 0.01 molal 
sodium chloride and 26®C. do not appear on figure 6, since they fall off 
the plot. In figures 4 and 6 results of other investigators are also shown. 
Omitting the data for sodium chloride at 46°C., there are in all three 
determinations which deviate from the linear equations by more than 
0.04 per cent, while in the case of potassium chloride there are twelve 
such deviations. The probable errors, recorded in table 4, show on the 
average about 0.02 per cent. In view of the precision claimed for the 



Fig. 3. Plot of Hess and Grarakee^s <t> values for sodium chloride solutions at 15®, 

35®, and 45®C. 


specific heat measurements the linear equations adequately represent the 
data. 

After considering the heat capacity data of the various workers on 
sodium chloride solutions, it was thought that the values which 

Young and Machin (27) obtained from dilution work constituted the most 
precise values of the slope at the present time, and that the results of 
Randall and Rossini (18) based on direct measurements offered the most 
precise values of $ itself. By combining the results of these tw^o in¬ 
vestigations in a suitable manner, it has been possible to arrive at a series 
of precise values of 4> with which to compare the present results at 25®C. 
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In dilute solution Young and Machin have employed the empirical 
equations of Young and Groenier (20), which were based entirely on the 
precise dilution work of Gulbransen and Robinson (5). The latter in¬ 
vestigators believed that the probable error in their $ — values 
amounted to 10 per cent. Since Young and Machin’s results in dilute 
solution were dependent on their data, it would seem reasonable to as- 



15”, 35”, and 45”C. and the values of Lange and Monheim at 15”C. 

sume the s am e magnitude of error in their # — values up to = 0.46. 
A ciMistant percentage error in $ — implies a corresponding percentage 
error in the specific heat which varies with the concentration; thus a 10 
per cent error in # — ^ changes the specific heat by 0.00011 per cent at 
0.01 molal, while at 0.25 molal a change of 0.026 per cent is produced. 
Randall and Rossini claim a precision of 0.01 per cent over the entire 
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concentration range. To combine these two pieces of data a value of 
* — was selected from Young and Machines data at which the pre¬ 
cision was believed to be equal to 0.01 per cent. This value (4.40) of 
$ ~ was equated to the value of computed from the empirical linear 
equation of Randall and Rossini’s data at the same concentration; the 
resulting value of when combined with the values computed 

from Young and Machin’s data leads to the values of given in table 5 
and plotted in figure 5, and in this section will be referred to as reference 
data and curve, respectively. A definite degree of curvatuve is exhibited 
in the plot of these values. The dotted lines on either side of the curve 
correspond to a 10 per cent error in the ^ values. Randall and Rossini’s 
linear equation, given above, is also plotted in figure 5 up to = 0.6, 
and 0.01 per cent error curves are drawn on either side of this straight 
line. It will be noted that the two sets of dotted lines either cross or be¬ 
come tangent at = 0.457, at which concentration the precision of the 
direct and indirect measurements is thought to be the same. 


TABLE 5 

Calculated values of the apparent molal heat capacity of sodium chloride solutions 


mV* 

« 

mV* 

* 




-21.76 



■ni 

-14.19 

0.1 


0.467 

-17.36 


-12.73 




-16.84 

0.9 

-11.20 

0.3 

-19.12 

0.6 

-15.57 

1.0 

-9.63 


Possibly the values of table 5 may require a slight temperature cor¬ 
rection to make them strictly comparable with 25®C. data, since the 
^ values computed from Young and Machin’s data apply at 18.75®C. 
It is generally believed that either is independent of or changes 

but slightly with the temperature. Theoretical considerations indicate 
that the slope of the reference curve at 1.0 molal, for example, would be 
altered by 0.4 calorie in correcting the data to 25®C. The ^ values of 
table 5 were recalculated with this correction applied, and the D curve in 
figure 5 shows the percentage difference on the specific heat basis between 
the corrected and the uncorrected curves. The R curve indicates the 
difference in specific heat between the original reference curve and a second 
curve whose intercept has been decreased by 0.2 calorie; this curve also 
indicates the difference between any two ^ curves differing by 0.2 of a 
calorie throughout. 

The Q curve in figure 6 shows the percentage difference on the specific 
heat basis between the curve of Randall and Rossini and the reference 
curve, and it is quite clear that the results by these two methods agree 
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excellently. It should be noted that the two intercepts and the , values 
at 1.0 molal are in very good agreement. When this agreement is con¬ 
sidered in connection with the R and D curves, further assurance is ob¬ 
tained that is either independent of or changes but slightly with 

temperature. If the difference between Randall and Rossini^s and the 
corrected reference curves is desired, the algebraic sum of the D and Q 
curves must be used. The effect of lowering the reference curve inter¬ 
cept by 0.2 of a calorie is shown by curve Q'. The parabolic equation 
given above for Randall and Rossini's data developed by the method of 
least squares (yielding a probable error of 0.005 per cent) when combined 
with the dilution data according to the procedure outlined above gave a 



Fig. 5. Comparison of Hess and Gramkee^s ^ values for sodium chloride and potas¬ 
sium chloride solutions at 26°C. with those of some other investigators. 

value of —21.81 and the percentage difference curve falls slightly 
above curve Q; this agreement gives added weight to the correctness of 
the method outlined above. 

In figure 5 the data of Hess and Gramkee at 25®C. are plotted except 
for the two values of —66.8 and +12.8, at 0.01 molal which did not fall 
on the plot. The linear empirical equation is also graphed in figure 6. 
The V curve indicates the difference between the reference curve and the 
linear equation of Hess and Gramkee. The agreement between the two 
curves is about that indicated by the probable error given in table 4. 
It should be noted that the intercept and the 1.0 molal value of # agree 
well with the results of other investigators. The V' curve shows the 
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difference between the corrected reference curve and that of Hess and 
Gramkee, or the sum of curves V and Z>. 

Gulbransen and Robinson have derived a linear equation for ^ by com¬ 
bining their own results with the heat capacity of the solid salt and heat 
of solution data; their equation is 

^ = -21.90 + 10.5mi/2 

Combining their value of the slope with the appropriate ^ value from Ran¬ 
dall and Rossini in the same manner as described in connection with Young 
and Machines work, the following equation was obtained: 

^ = -22.19 + 10.5m^/2 

Both intercepts are in good agreement with those of Randall and Rossini 
and the reference work. These equations, valid only to 0.4 molal, deviate 
at the highest concentration by 0.002 per cent and 0.01 per cent from the 
njference values, respectively. 

Lipsett, Johnson, and Maas (16) have reported specific heats at 20° 
and 25°C. from their integral heat of solution data and the heat capacity 
of the solid salt. A linear equation was obtained by the least squares 
procedure for their 25°C. data (to 1.09 molal); the equation is 

4> = -19.59 + 10.72mi/2 

The probable error of a single observation from the equation is 0.005 
per cent. The average deviation of this equation from the reference <l> 
values is 0.06 per cent. By means of e.m.f. measurements, Harned and 
Nims (8) have arrived at values which are in fair agreement with results 
of other methods up to 0.2 molal but deviate considerably at higher con¬ 
centrations. 

In figure 5 the data of Hess and Gramkee for potassium chloride are 
plotted along with a straight line through Randall and Rossini ^s rounded 
values. The average deviation of the empirical equation from Randall 
and Rossini’s rounded values amounts to 0.036 per cent. Since the de¬ 
terminations at the two highest concentrations show rather large devia¬ 
tions from Randall and Rossini, four linear equations were calculated by 
the least squares procedure in which the heat capacities at the two highest 
concentrations were eliminated. The modified equation at 25°C. shows 
a deviation of only 0.008 per cent from Randall and Rossini’s data. The 
constants for these limited equations (valid to 0.3 molal) are given in 
table 6, and the equations are plotted in figures 4 and 5. The potassium 
chloride equations (table 4) at 35° and 45°C. differ by 0.02 per cent at 0.25 
molal, while the limited equations differ by less than 0.01 per cent. These 
results tend to prove that the values for the potassium chloride solu- 
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fflons, like the results for sodium chloride solutions, remain constant over 
this tmperature and concentration range. 

Lange and Monheim (13, 14) have reported $ values at 18.75°C. for 
potassium chloride solutions from a combination of the temperature 
coefficient of the integral heat of dilution and the heat capacity of solid 
salt. Their most recent # values were corrected to 15®C. by the tempera¬ 
ture coefficient of table 4; the resulting $ values are plotted in figure 4. 
The precision of their data is considered to be better than that of Hess and 
Gramkee. The average deviations of the limited and complete equa¬ 
tions from Lange and Monheim’s data are 0.008 per cent and 0.02 per 
cent, respectively. 

Other data which did not seem to be sufficiently precise to be discussed 
here are as follows: the earlier work on sodium chloride and potassium 
chloride solutions given in the International Critical Tables (10), the work 
of Urban (23), the results of Clews (1) on potassium chloride solutions at 
several temperatures, and the results of D’Ans and Tollert (2) on sodium 


TABLE 6 

Constants for ths potassium chloride apparent heat capacity equations valid to 0.S moldl 


TaifPIBATUBB 

A 

B 

•c. 



15 

-34.67 

+15.30 

25 

-30.59 

+15.01 

35 

-24.31 

+9.07 

45 

-23.91 

+8.89 


chloride and potassium chloride solutions at various temperatures and 
concentrations above 1 molal. 

THBORETICAIi SLOPE AND OTHEB CONSIDERATIONS 

It is generally recognized that dilution data yield the most precise 
value of the limiting slope (dCpJdm'i^), but since such data are available 
only at 15“ and 26“C. it was thought desirable to calculate the theoretical 
slopes for a imi-univalent electrolyte from the Debye-HOckel theory at 
the higher temperatures and compare them with those given in tables 3 
and 4, which apparently are the only values in the literature. Values of 
dV/dT were computed from data given in the International Critical 
Tables, while the Wyman equation (25) supplied the values of dD/dT 
and d*D/d!r*. These calculations, carried out by the procedure of I* 
Mer and Cowperthwaite (11), yielded the following results: 15, 16, 17, 
and 18 at 35*, 38“, 41“, and 45“C., respectively. Any differences between 
the experimental and theoretical slopes may be accounted for by the prob¬ 
able errors of the eiqierimental results. At 15“ and 25“C. the calculations 
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yielded, for the values of the slope, 14 and 13, respectively, which are 
recorded here for the sake of completeness. 

The values of at 25®C. for the individual ions K‘+^, Na+, and Cl“ 
were calculated (assuming the value for K+ equals that of Ch) and found 
to be —14.6, —6.9, and —14.6, respectively. These values are in good 
agreement with those given by Pitzer (17) and Rossini (21). The value 
of for Ba**"^, computed from earlier data (24), was found to be —44.3. 

The temperature coefficient d4>/dT at or near room temperature has been 
assumed by Rossini (21) to be constant for all uni-univalent electrolytes 
from the most dilute solution to 2.5 molal, and the value employed by him 
is 0.3 calorie per mole per degree per degree Centigrade. The present 
results for a 20®C. interval (15® to 35®C.) lead to the value of d4>/dT’ for 
sodium chloride of 0.3 calorie from 0.1 to 1.0 molal, while for potassium 
chloride the value was 0.3 calorie, with a variation of itO.l calorie. Both 
sodium chloride and potassium chloride show a zero temperature coefficient 
from 35° to 45°C. This statement may not be strictly true above 0.2 
molal. By inspection of table 4 it is seen that d^^/dT is positive and of 
such a magnitude as to be in line with the discussion just given for d^/dT. 


REIiATIVE PARTIAL MOLAL HEAT CONTENTS FOR SODIUM CHLORIDE AND 
POTASSIUM CHLORIDE SOLUTIONS 


Since values of Cp^ — Cp^ may easily be calculated from data given 
in table 4 at several temperatures, the Person-Kirchoff relation has been 
used to compute the relative partial molal heat contents (La) of sodium 
chloride and potassium chloride solutions at several temperatures from 
known values of La at 25° and 18°C., respectively. For sodium chloride 
solutions at 25°C. Robinson (19), Young and Vogel (29), and Gulbransen 
and Robinson have reported values of Z^. Recently Young and Machin 
have presented data from which La values can be obtained. They coupled 
their experimental data in concentrated solutions with the very precise 
results of Gulbransen and Robinson in dilute solution. In order to cal¬ 
culate lit the 8 values were plotted against and the resulting curve was 
integrated graphically to provide the integral heats of dilution (AHJ). 
Below 0.15 molal the empirical equation of Young and^roenier (26) was 
integrated analytically to give the values. The L* values at 25°C. 
were calculated by Rossini's equation (20): 


12 - AH^ 


” 2 ^ 


The 25°C. curve in figure 6 was constructed from these values. The Lt 
values at the other temperatures were calculated from these results at 
25*^0. and the heat capacity data in table 4 by means of the Person- 
Eirohoff relation. 
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The necessary heat capacity data were calculated at various concen¬ 
trations from the linear least squares equations. The average value of 
^vt ~ was used in the calculations. For the 46®C. values the em¬ 
pirical equation of Hess and Gramkee at 35®C. was used, since it has been 
shown that the values are independent of temperature to 0.2 molal. 
The values above 0.2 molal have been enclosed in brackets, since there 
may be some doubt as to their precision. The results of these calculations 
are summarized in table 7 and shown graphically in figure 6. 



Fig. 6. Curves of calculated In values for sodium chloride at several temperatures 
compared with the results of other investigators. 


The same procedure which was applied to the results of Young and 
Machin at 26‘’C. was employed on their data at 12.5®C. These values 
at 12.6°C. were corrected to 16®C. by their temperature_coefficients; they 
are given in table 7 and are plotted in figure 6. The In values of Gul- 
bransen and Robinson at 16®C. are also plotted in figure 6. The cal¬ 
culated values of Zs at 15°C. are in good agreement with the work of 
Young and Machin and Gulbransen and Robinson, showing an avenge 
deviation of 11 and 8 calories, respectively. 

The results of Hamed and Nims as recidculated by Hamed and Hecker 
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(7) are not shown in figure 6. They are in satisfactory agreement with 
the other data below 0.2 molal; but differences of more than 150 calories 
are found at 35® and 40°C. (not shown in table 7). An error of 35 calories 
may exist in their L 2 values at 1.0 molal because of the uncertainty in 
dS/dr. Errors of this magnitude are not unusual in comparing e.m.f. 
and calorimetric data (15). Recently the results of Harned and Nims 
have been subjected to a second calculation by Harned and Cook (6). 
The precision of their L 2 values does not appear to be sufficiently improved 
to warrant inclusion in table 7 and figure 6. 

Rossini (20) has made a critical study of heat of dilution data published 
prior to 1930 and has presented L 2 for sodium chloride and potassium 
chloride at 18®C. in 18° calories. His values for sodium chloride solutions 
have been calculated to 15°C. by the linear equations of Hess and Gram- 
kee. These results may be said to be in satisfactory agreement with the 
corresponding data in table 7. Also the L 2 values at 25°C., which Saxton 

TABLE 7 


Li values for aqueous sodium chloride solutions at several temperatures 


MOLAUTT 

VALUID8 or Lt 

16*C. 

(Y. & M.) 

15*C. 

25*C. 

Ileferenoe data 


45“C. 

0.01 

45.5 

1 38.6 

57.6 

75.7 

99 

0.05 

64.1 

51.6 

94.0 

134 

186 

0.10 

54.9 

40.0 

100 

157 

230 

0.20 

14.1 

-1.3 

83.5 

164 

267 

0.36 

-65.8 

-77.4 

36.4 

145 

(289) 

0.50 

-138 

-144 

-10.4 

118 

(288) 

1 00 

-387 

-375 

-185 

-4.4 

(236) 


and Smith (22) computed from Rossini^s values at 18°C., arc in good 
agreement with the corresponding values in table 7. These results have 
not been plotted, since it was felt that they would complicate figure 6. 
L 2 values could also be obtained from the data of Lipsett, Johnson, and 
Maas at 20° and 25°C.; however, these calculations were not made, as it 
seemed desirable to compare their results on the 4> basis. 

Values of L 2 for potassium chloride solutions at 15°, 25°, 35°, and 45°C. 
were calculated from Rossini’s L 2 values at 18°C., using the partial molal 
heat capacity equations of Hess and Gramkee and the Person-Kirchoff 
relation. No attempt was made to correct the results to 15° calories, 
since the magnitude of the correction was so small. The calculated values 
and the reference data at 18°C. are recorded in table 8 and plotted in 
figure 7. Some difficulty was experienced in drawing a smooth curve 
through the reference data at 18°C., since the values of Lz at 0.20, 0.36, 
and 0.50 molal fell on a straight line. 
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Recently Young and Seligman (28) have presented empirical S equar 
tions at 12.5° and 25°C. for potassium chloride solutions. These equations 

TABLE 8 

£t values for aqueous potassium chloride solutions at several temperatures 



TALtxai or Lt 

MOLAIifTT 

16*C. 

18*0. 

Reference data 

26*C. 

M*C. 

4«*0. 

0.01 

44 

40 

61 

74 

86 

0.06 

63 

64 


119 

144 

0.10 

46 

62 

98 

139 

176 

0.20 

16 

38 


148 

199 

0.36 

-74 

-44 

26 


171 

0.60 



-24 

68 

149 

1.00 

1 -366 j 

-306 

-191 

-61 

63 



Fio. 7. Curves of calculated L» values for potasrium chloride at several temperatures 

are valid to about 0.1 mole per liter and were derived from the experi¬ 
mental data of Lange and Leighton (12). Following the same procedure 
which was used above to calculate Zt values from the data of Young and 
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Macbin, I 2 values at 12.5® and 25®C. were obtained from the S equations. 
The results at 12.6®C. were brought to 15®C. in the usual way. At 15®C. 
the calculated Z 2 values at 0.01 and 0.05 mole per liter are 41.4 and 51.6 
calories, respectively. At 25®C. the L 2 values at 0.01, 0.05, and 0.10 
moles per liter are 62.9, 86.4, and 89.0 calories, respectively. The results 
at 15®C. seem to be in slightly better agreement with the data of table 8 
than the values at 25®C. 

The data of Lange and Monheim would also yield values of L 2 at 12.5® 
and 25®C. for potassium chloride solutions; however, the necessary cal¬ 
culations were not performed, since it seemed desirable to compare the 
results on the basis (see figure 4). 

A comparison of figures 6 and 7 will show that the sodium chloride and 
potassium chloride family of L 2 curves are quite similar in shape. An 
inspection of tables 7 and 8 will show that the corresponding values of L 2 
for the two salts show fairly close agreement in dilute solution but deviate 
considerably at higher concentrations. The differences increase as the 
temperature is raised. The deviations in the two series of curves can be 
traced to differences in the values of Cp, — C®, for the two salts, as shown 
by the values of d<l>/dm*^* given in table 4. 

SUBiMABY 

1. The twin adiabatic calorimeter method was used to investigate the 
heat capacities of aqueous sodium chloride solutions at 35®, 38®, 41®, 
and 45®C. from 0.01 to 0.2 molal with a precision of 0.02 per cent. 

2. The apparent molal heat capacities follow a linear relation at the 
four temperatures when plotted against It is shown that the earlier 
results of Hess and Gramkee at 16®, 25®, and 35®C. for sodium chloride 
solutions and at 16®, 26®, 36®, and 46®C. for potassium chloride solutions 
follow the same relationship from 0.01 to 1.0 molal. Empirical equations, 
derived by the method of least squares, are presented for all data. 

3. Agreement of the present results and those of Hess and Gramkee 
with earlier specific heats (where comparable) is found to be satisfactory. 
Hess and Gramkee's data for sodium chloride at 25®C. are compared with 
a reference curve constructed (by an apparently new method) from 
indirect dilution measurements and direct specific heats, and satisfactory 
agreement is obtained. 

4. The experimental slopes are compared with the Debye-Hiickel 
slopes and some other theoretical considerations are given. 

5. The Person-Kirchoff equation is used to calculate relative partial 
molal heat contents for sodium chloride and potassium chloride solutions 
at several temperatures; where comparable, there is fair agreement among 
the various sets of data. 
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WAYNE A. SISSON 

Boyce Thompson Institute for Plant Research^ /nc., Yonkers^ New York 
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It is well known that crystallite orientation may be closely correlated 
with the physical, chemical, and optical properties of cellulose fibers. The 
laws which govern the production of crystallite orientation in synthetic 
fibers, therefore, are not only of theoretical interest but also of practical 
importance. For example, the tensile strength and elongation of rayon 
fibers may change several hundred per cent as the orientation is varied 
from a random to a parallel orientation. The usual method of increasing 
orientation in rayons is by stretching. This produces an alignment of the 
major (b) axes of the cellulose crystallites parallel to the direction of 
stretching. The cellulose crystallite also possesses a secondary or minor 
orienting tendency, as shown by the fact that a minor axis [101] of the 
crystallite is oriented parallel to the direction of shrinkage when swollen 
cellulose is dehydrated (3). 

It is the purpose of the present paper to extend the previous investiga¬ 
tions on the orientation behavior of the native cellulose crystallite (2, 3) 
to that of the hydrate cellulose crystallite which exists in fibers produced 
from coagulated cellulose, to study separately and collectively the factors 
which affect the production of orientation, and to formulate into a rule 
the general orientation behavior of cellulose. The paper is divided into 
four parts: (a) the effect of shrinkage produced by dehydration, (b) the 
effect of mechanical deformation, (c) discussion of the combined effects of 
shrinkage and deformation in producing the various types of orientation, 
and (d) citation of the orientation found in Cellophane and rayons as an 
application of the above factors. 

MATERIALS AND METHODS 

The majority of samples examined were prepared either from alcohol- 
benzene-extracted and Kiered cotton or from commercial wood pulp 
which was dispersed and coagulated from viscose solutions as recom¬ 
mended by Snell (6). The general orientation behavior was also checked 

^ Presented before the Division of Cellulose Chemistry at the Ninety-third Meet¬ 
ing of the American Chemical Society, held at Chapel Hill, North Carolina, April 
12-15, 1937. This paper is a contribution from the Cellulose Department of the 
Chemical Foundation, located at the Boyce Thompson Institute for Plant Research, 
Inc., Yonkers, New York. 
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on ceIl\ilose coagulated from cuprammoniom, quatemaiy anmumium 
hydroxide, and phosphoric acid, and also on cellulose r^enerated from 
the acetate and nitrate derivatives. After subjecting the hydrate cellulose 
thus formed to variotis restricted conditions during drying, the final dried 
samples were examined with x-rays as described in the earlier publications 
(2, 3, 4). The Cellophane and rayon samples examined were of the usual 
commercial variety. 

Since the present investigation represents a large number of individual 
experiments performed under varying conditions over a period of several 
years, space does not permit a detailed description of each; only a few 
experiments are described and a summary of the results is given. The 
terms for the various types of orientation (random, uniplanar, selective 
uniplanar, uniaxial, and biaxial) are used as defined in the earlier paper 
(3). Instead of representing the results with stereographic projections, 
however, they are illustrated by drawings of the unit cell (figure lA). 
The orientation of the unit cell is located by the b-axis (direction of cellu- 



cellulose (see text for explanation). 

lose chain) and the 101 plane which is shaded in the drawing. The minor 
axis [101] is perpendicular to the 101 plane. The x-ray diagram of hydrate 
or mercerized cellulose is represented in figure IB. The concentric rings 
of increasing diameter in the diagram are the 101, lOl, and 002 diffraction 
lines, respectively. 


SHBINKAOB 

Coagulated cellulose, when first formed, is usually in a highly swollen 
condition. The present observations would indicate that the equilibrium 
condition of a swollen sample is random orientation. Upon dehydration, 
produced either by chemical reagents, or by drying, considerable shrinkage 
in volume takes place, and, simultaneously with this shrinkage, orientation 
is produced. The t]rpe of orientation is iq>paraitly governed by the 
direction of shrinkage, and the degree of orientation by the degree or per- 
c^tage of that shrinkage. The x-ray results on shrinkage are summarized 
in figure 2. 



SHRINKAGE 
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Fig. 2. Schematic representation of type of orientation and corresponding x-ray diagrams obtained when 
swollen hydrate cellulose shrinks along various axes (see text for explanation). 
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In figure 2 A, a cube of swollen coagulated cellulose having random 
orientation is diagrammatically represented in the upper left-hand comer. 
The types of orientation obtained when the cube shrinks along different 
axes are represented diagrammatically in the vertical columns E, F, and 
G. The corresponding x-ray diagrams are shown with the sketches. The 
horizontal columns A, B, C, and D show the orientation and x-ray diagrams 
when viewed from different positions. Arrows indicate the direction of 
fiber axes; solid lines represent major axes (orientation of i)-axes of unit 
cell), while dotted lines represent minor axes (orientation of perpendiculars 
to 101 plane of unit cell). Thus, figure 2BE refers to the orientation 
produced by shrinkage in one direction when viewed from the top (axis 
of shrinkage). 

If the cube shrinks along one axis (figure 2AE), the 101 planes are 
oriented perpendicular to the direction of shrinkage, but there is random 
arrangement of the 6-axes about this direction. When viewed from the 
top (figure 2BE), the 101 planes are parallel to the top surface.^ Since 
diffraction is possible from the 101 planes only when they form an angle of 
6® with the x-ray beam, these planes are not in a diffracting position, hence 
the 101 line is absent in the diffraction pattern. The lOl planes, which 
form an angle of slightly less than 90° to the 101, are in a diffracting posi¬ 
tion and an intense lOl line is present showing random orientation. When 
viewed from the side (figure 2CE) the 101 planes, being parallel to the 
top surface, are now in a diffracting position, as evidenced by two meridian 
reflections in the x-ray diagram (minor fiber axis parallel to shrinkage axis). 
The lOT and 002 planes diffract only when the unit cells are approximately 
end-on. Since the lOl and 101 planes intersect at an angle of less than 
90°, the lOl planes thus diffract near the equator in four positions which 
merge to form two equatorial arcs. The 002 planes behave in a similar 
manner, with the exception that the 002 arcs are much broader. The 
end view (figure 2 DE) is the same as the side. As in the previous paper 
(3), the type of orientation resulting from shrinkage along one axis will be 
referred to as a selective uniplanar orientation, because the only limitation 
imposed is that the 101 planes be oriented parallel to a plane (surface) 
which is perpendicular to the direction of shrinkage. 

If shrinkage takes place in two directions* (figure 2 AF), the 6-axes of the 
unit cells are oriented parallel to the axis which did not shrink, but the unit 
cells have random orientation around their 6-axes, When viewed from the 

* In drawing the x-ray diagrams the x-ray beam is assumed to pass through the 
sample in the same relative position as the direction of view. The diagrams are 
drawn with a considerable deviation from the preferred type, since a large deviation 
was found in all of the experimentally prepared samples. 

* In referring to shrinkage along two axes it is implied that shrinkage also takes 
place at all angles in a plane containing these two axes, which are located at 90^ to 
each other. 
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top (figure 2BF), the 101, lOT, and 002 planes all diffract, giving equatorial 
reflections (fiber axis parallel to direction which did not shrink). The 
same orientation is present when viewed from the side (figure 2CF). 
When viewed from the end (figure 2 DF), the direction is parallel to the 
6-axes of the unit cells (fiber axis), and the 101, lOT, and 002 planes all 
diffract, showing a random orientation. This type of orientation resulting 
from shrinkage along two axes will be referred to as a uniaxial orientation, 
because the only limitation imposed is that the 6-axes of the unit cell be 
oriented parallel to an axis (fiber axis). 

If shrinkage takes place in all directions (figure 2AG), the unit cells 
are oriented in all directions, and there is random orientation when viewed 
from any direction. 


DEFORMATION 

Another property of swollen coagulated cellulose is that it can be de¬ 
formed, either by tension or pressure, to produce preferred orientation. 
Figure 3 summarizes the results obtained by elongation and contraction. 

In figure 3 a cube of swollen material, showing random orientation, is 
represented diagrammatically in the upper left-hand corner. If the cube 
is elongated along one axis and allowed to contract only along one axis 
(figure 3AE), then the 6-axes of the unit cells arc oriented parallel to the 
axis of elongation and the 101 planes perpendicular to the axis of shrinkage. 
When viewed from the top (figure 3BE), the 6-axes are oriented parallel 
in a horizontal direction (fiber axis), while the 101 planes are parallel to 
the top surface. As a result, the 101 planes arc not in a diffraction posi¬ 
tion; the lOT and 002 planes, however, do diffract, each giving two equa¬ 
torial reflections. When viewed from the side (figure 3 CE), the 101 planes 
diffract, giving two equatorial reflections, while the lOl planes are not in a 
diffracting position. When viewed from the end (figure 3DE), the 101 
planes diffract at the meridian (minor axis); the lOT planes diffract at the 
equator, and the 002 diffract in four positions, two of which merge with the 
result that two broad equatorial arcs are formed. This type of orienta¬ 
tion, produced by shrinkage on one axis and elongation on one axis, will 
be referred to as biaxial or selective uniaxial orientation, because the 6-axes 
of the unit cells are oriented parallel to an axis (major fiber axis) and the 
101 planes are oriented parallel to a plane containing the major axis (minor 
fiber axis perpendicular to plane). 

If the cube is elongated along one axis, and contracted along two axes 
(figure 3 AF), then the 6-axes of the unit cell are oriented parallel to the 
axis of elongation (fiber axis), with the 101 planes rotated at random 
around the 6-axes. This type of uniaxial orientation is the same as that 
obtained by shrinkage along two axes (figure 2 AF). When viewed from 
the top (figure 3 BF) or side (figure 3CF), all three planes diffract to give 
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equatorial reflections; when viewed end-on, all planes diffract to give a 
random orientation. 

If the cube is elongated in two directions and contracted along a third 
axis (figure SAG), the same type of selective uniplanar orientation is 
obtained as when shrinkage occurs along one axis (figure 2AE); the 101 
planes are oriented perpendicular to the axis of contraction with the 6-axes 
oriented at random in a plane perpendicular to the axis of contraction. 

DISCUSSION 

The results obtained by either shrinkage or elongation are summarized 
in figure 4. A random orientation is obtained in the swollen condition or 
by shrinkage (S) along three axes; uniaxial orientation by shrinkage along 
two axes, or by elongation (E) on one axis and shrinkage along two; 
uniplanar orientation by shrinkage along one axis, or by elongation on two 
axes and shrinkage along one; and biaxial orientation by shrinkage along 
one axis and elongation along one axis. 

It is difficult to evaluate separately the effect of shrinkage and deforma¬ 
tion, since the two always act collectively in producing a dry sample 
necessary for x-ray diffraction analysis. The most tangible factor which 
may be correlated with the production of orientation appears to be the 
relative change in sample dimensions. In terms of dimensional changes, 
the following general conclusion may be drawn: Whenever there is a 
relative increase in dimension of a sample in one direction, the 6-axes of the 
unit cell tend to orient parallel to that direction; if there is a relative de¬ 
crease in dimension in one direction, the 101 planes are oriented per¬ 
pendicular to that direction. The degree of orientation in each case is 
proportional to the relative change in dimensions of the sample. If one 
cares to thmk in terms of the cellulose chain instead of the unit cell, the 
cellulose chain tends to orient parallel to the direction of increase, while 
the hydroxyl groups of the glucose unit tend to rotate in the direction of 
decrease. 

All four types of orientation have been produced experimentally: random 
orientation by permitting a sample to dry while supported on a blotter or 
mercury; uniaxial by stretching a fiber or allowing it to dry with ends 
fixed; uniplanar by pressing or allowing a film to dry on a glass plate so that 
it shrinks only in thickness; and biaxial by rolling or pressing a sample in a 
groove, so as to elongate along one axis and shrink along one axis. The 
experimental conditions necessary for the production of these different 
types of orientation have been given in greater detail in an earlier paper 
(3). In each sample there is a rather wide deviation from its preferred 
type of orientation. 

After a given type of orientation is formed, it is possible in some instances 
to change from one type to another. For example, if a uniplanar sample 
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UA//AXiAL RANDOM 

Fig. 4. Schematic representation of various types of orientation and how they may be obtained from swollen cellulose (see text 
for explanation). 
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is stretched (perpendicular to filxT axis) it is changed first, into an imperfect 
biaxial and eventually into a uniaxial orientation. If uniaxial or biaxial 
oriented samples arc pressed (perpendicular to fiber axis), they are changed 
into a uiiiplanar orientation. 

Pndiminary results indicate that certain general laws of swelling are 
clos('ly related to the above* general laws of shrinkage and deformation. 
It is obvious, how(*ver, that a distinction must be made* betwee^n inter- 
and intra-crystalline swelling or shrinkage. In resw^oll(*n samples where 
only intercrystalliiie swelling is involvexl, shrinkage* e>r deformation may 
not produce the same quantitative effee*.t as in fre*shly ce)agiilated samplers. 
The*se* and relate^d fae^tors pertaining to the mechanism e)f (‘(‘llulose orienta¬ 
tion are being investigate^d further. 

APPLICATIONS 

The pr(*semt discussieni of the orie'ntatiein femnd in inelustrial samples 
produce‘el from e*e)agulated e*e*llulose* will be* limited to Ce‘lle)phane and vis¬ 
cose rayons. 


Cellophane 

If the* x-ray be*Hm is passe*d per])enelie*ular te) the surfae*e* e)f Ce‘llophane, 
the 101 line is missing, while the lOT and the* 002 show a randenn orie*nta- 
tion. With the be*am parallel to the plane e)f the she*(*t. the* 101 line* now 
api)e*ars as two streing intensity maxima, and the lOT as t-we) w'e*aker in¬ 
tensity maxima at right angl(‘S to the* 101, while the* 002 shows two broad 
inte*nsity maxima in the same quadrants as the lOT. This type* e)f pattern, 
as pre*vie)usly point e*el emt, is typical of a se*le*etive uniplanar orie*ntatie)n 
(figure 2AE or 3 AG), which may be pre)duced either by shrinkage along 
one axis eu’ by e*le)ngation along twe) and shrinkage along one*. This selec¬ 
tive* orientation may be anticipate*el, since the principal shrinkage* takes 
])lae*e jierpendicular to the shce*t in the usual ce)mme*rcial me*thod of j)re)- 
ducing Cellophane*. 

In sheets of ce)mme*rcial Cellophane, the above type of e)rie*ntat ion is 
ofte*n found in a meidified form. For example, the* se*le*ctive orientatie)n of 
the* 101 plane may be le*ss p(*rfe'ct, e)r there may be a pre*fe*rre*d orientation 
of the 6-axes in the plane of the shee*t. Figure 5 A is the x-ray diagram 
maele* near the edge of a sheet, of Cellophane, with the beam perpe*ndie*ular 
to the flat surface. The 101 line is missing, but, the 101 line does not have 
a completely random orientation. This condition is tyjiical of a uniplanai’ 
orientation wdth a slight tendency toward a biaxial ori(*ntation, and it 
probably originated during the production of the sheet, by an (*(iuival(*nt 
shrinkage or elongation along an axis lying in the plain* of the C(*llophane 
sheet. 

The existing type of orientation can be modified also by deformation in 
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the dry condition. Figure 5 B is the x-ray diagram (beam perpendicular to 
surface) of the same sample as figure 5 A after 10 per cent elongation, 
produced by stretching a strip of the Cellophane. The 101 now appears 
as a faint arc, and the lOT is more sharply oriented, -the orientation is 
beginning to change to a uniaxial orientation. After 30 per cent elonga¬ 
tion (figure 5C), all lines are present as sharp intensity maxima,-the 
orientation is uniaxial. If the sample is treated with steam and allowed 
to shrink, th(' orientation does not completely rev( 3 rse its(*lf. There is a 
“hysteresis effect'^ with the uniaxial orientation tending to l)e more pro¬ 
nounced on the return curv(\ By repeating the process of stretching and 
relaxing, it is possible* to change the orientation without the usual cor¬ 
responding change in dimensions of the sample. 



ABC 

Fi(j. 5. X-ray (liaKraniH of CVlloplianc witli x-ray beam periMUKiieailar lo sheet: 
A, liristretched; Ji, stretched 10 per cent; C\ after stretching 30 per cent. 

Rmjons 

In the industrial production of rayons, deformation is usually foll()W(*d 
by or produced simultaneously with shrinkage; the two factors (*ither nun- 
force or oppose each other, thus complicating the situation and making it 
difficult to evaluate the factors which influ(*nce the i)roduction of ori(*nta- 
tion. Many workers hav(* assumed that the* ori(*niation present in un¬ 
stretched rayon filaments is produced befoni coagulation, whih? the viscose 
is passing through the spinnerette, and that the roU* of the coagulating 
agent is primarily to “fix'^ tin* orientation alr(*ady present. Although 
orientation may be produc(?d in t he spinnerette*, tlie prevS(*nt. results indicate 
that the degree and type of shrinkage is the more important factor in 
producing the final orientation in the dried filament. The composition 
and length of spinning bath, rate of spinning, and filament diameter all 
have a pronounced influence, but here, too, the orientation can be cor¬ 
related to a certain degree with the change in dimensions of the fiber during 
the coagulating and drying process. In figure 6 there is represented 
diagrammatically the cross section (figure GAD), orientation (figure 6 
BD), and the x-ray diagram (figure 6 CD) of a swollen rayon fiber. Al- 


SWOLLEN SHRUNK STRETCHED 
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Fig. 6. Schematic representation of cross section, type of orientation, and x-ray diagram obtained when rayon filaments 
shrink along various axes (see text for explanation). 
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though shrinkage along one axis* could occur either in the longitudinal, 
tangential, or radial direction, only the latter possibility will be considered. 
Figure 6AE represents the probable effect of shrinkage only in the radial 
directicm. Since the circumference of the fiber does not change, the cross 
section could assume any shape between the serrated type (figure 6AE} 
and a flat ribbon-like type. As pointed out in a previous section, radial 
shrinkage should produce a selective uniplanar orientation with the 101 
planes parallel to the filament surface and the &-axes randomly arranged 
in a plane parallel to the surface. With the x-ray beam perpendicular 
to the fiber axis, the 101 line should exist as equatorial reflections and the 
lOl as a random orientation (figure 6CE). 

In the case of shrinkage along two axes, there are also three possibilities, 
only one of which is represented,—shrinkage in the radial and tangential 
direction (figure 6AF). This produces a uniaxial orientation with the 
5-axes paralM to the fiber axis; all three planes diffract as intensity maxima 
cm the equator (figure 6CF). 

Shrinkage along three axes (figure 6AB) can occur in only one way to 
produce a random orientation. 

In the case of elongation, there is only one direction in which a rayon 
fiber can be stretched,—in the direction of the fiber axis, which tends to 
produce a uniaxial orientation parallel to the fiber axis (figure 6AH). 
In practice, however, any combination of the seven shrinkage possibilities 
may have begun to occur or may be in the process of occurring while elonga¬ 
tion is taking place, giving a large number of possibilities, the detailed 
discussion of which space does not permit. 

Each type of orientation illustrated in figure 6 has been produced ex¬ 
perimentally. Figure 7 A is the x-ray diagram of a viscose fiber spun and 
allowed to dry without tension. All of the diffraction lines show a random 
orientation. Figure 7 B is a fiber spun under the same conditions, with the 
exception that the ends of the fiber were fastened to a support immediately 
after coagulation so that longitudinal shrinkage was prohibited. The 101 
diffraction line shows some orientation, while the lOl and 002 have a 
random orientation. In figure 7 C the fiber was stretched and allowed to 
dry under tension. All of the x-ray lines exist as equatorial arcs indicating 
a uniaxial orientation. 

The two latter tjrpes of ori^itation described above may be idmtifio^ 
in samples of commercial rayons,—^the second (figure 7 B) in older types, 
and the third (figure 7 C) in modem viscose fibers. The x-ray diagram 
of a viscose rayon (older type, 1928) is shown in figure 8A. The 101 line 

* In rayons also, shrinkage will be considered in terms of a small cube located at 
any section of the fiber. Thus, in shrinkage along one axis in the radial direction, 
all the shrinkage axes of the cu^ would point inward toward the center of the fiber 
sfanilar to the spokes of a wheel. 
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exists as a much shorter are than either the lOT or the 002 line. This 
type of dia^rram, which is similar to that of hgwiv 7H, can be interpreted 
on the basis of a sel(‘ctive uniplanar oricaitation, whicli would result if the 
fibers w(‘re spun witiiout tension, and if, during th(‘ formation of the fila- 
mcait, shrinkage were confinc'd largc'ly to the* radial direction (figure 6AE). 
For a selective uniplanar orient-ation, th(' 101 plam^s would be parallel to 
th(* filannnit surlace and lienee in a diffracting position only in the side 
section of the fiber.^ As a result th(‘ 101 lines would exist as ecjuatorial 
ref](‘ctions. The 101 planes, on tln^ other hand, would b(^ in a diffracting 
position only at, the front and back of th(i fiber, and since the h-axes are 
arranged at random in thc‘ surface, the lOT line has a random orientation. 

If this interpretation is correct, the orientation in the surface of an un- 
str(‘t.ch(‘d rayon filamc'iit is similar to that in th(‘ surface of a Cellopham^ 
sh(‘et and it should b(^ possible* to synth(*size the same type of x-ray diagram 



ABC 

Fi(i. 7. X-ray diagrams of viscose fibers spun under various conditions: A, allowed 
to shrink freely, ib not allo\^ed to slirink in length; stretch(*d and dried under 
tension. 

by rotating a strip of (Vllophamv Figure 8B is the x-ray diagram of a 
sh(‘et of Cedlophane having a selective* imijilanar oriiaitation, as shown 
diagrarnmatically in figure* SF, with the* x-ray b(*am parallt‘l to the* plane 
of th(‘ sh(*et, Th(‘ 101 plan(*s, being parall<‘l to th(» surface, diffract strongly 
as intensity maxima on the equator, the* lOT faintly on tin' meridian. Fig¬ 
ure HC is th(‘ x-ray diagram with th(‘ beam ]^er])endi(*ular to tlu' jdaiu* of 
the Cellophane she<d. Tlu' 101 plam^ is not in a diffracting position, but 
the lOT plane is in a diffracting po.silion giving a random orientation (figure* 
8G). If, there'fore, this she*e*t, of Ce*llophane is rotate'd during (*xp(3sure, 
statistically it should pass through all the angle's to the x-ray beam at which 
sections of the rayon wall are orie'iitc'd. Figure 8 D is the x-ray diagram 
of the shee't rotate^d through 360° on a goniom('t(*r during exposure. The 
rotation diagram is almost id(*ntical with that of the viscose fiber (figure* 
8A). Radial shrinkage of the rayon is also indicated by the photomicro¬ 
graph of the* rayon filame'iit (figure 8H), which shows a serratod cross 
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section. A roll of ('('llophane also giv(\s the type of diagram shown in 
figure 8D. 

To the writer’s knowledge, this type of orientation has not, heretofore^ 
been recognized in rayons. On the basis of optical studies it has b('en 
interpreted erroneously as being due to a more highly oriented skin, pro¬ 
duced by hydrodynamical friction sc't up by the viscose solution as it 
flows through the jet orifice (1). With polarized light, however, it is 
difficult to distinguish b('tw(‘('n a uniaxial and a selective uniplanar orien¬ 
tation in the surfa(*(i of a rayon filament, and since (uirlier workers wen* 
aw^are of only tw^o types of orientation (random and parallel), produced l)y 
either hydrodynamical friction or the ^^draft” to which the filament w^as 
subjected, it is logical that the* optically different surface should b(* int(*r- 
preted as being due to a mon* parallel orientation in the skin, rather than to 
a scl(*ctive orientation. 

When rayon filam(‘nts show^ing sel(‘ctiv(* ori(*ntation an* moisten(*d and 
slowly stretched, the s(*l(*ctive orientation is gradually chang(*d to a uni¬ 
axial orientation. A diagrammatical re])res(*ntation of this change in 
orientation and th(* corr(‘sponding x-ray diagrams an* shown in figun* 9. 
Figure 9 A repn*sents the x-ray diagram and orientation, n*sp(*ctively, of a 
rayon fiber showing s(*l(*ctive orientation. Figun* 9B r(*pres(*nts an im¬ 
perfect uniaxial ori(*ntation after the fib(*r has been subj(*ct(*d to about 
35 per cent elongation; while* figure 9(’ rei)r(*s(*nts a mon* p(‘rfe(*t uniaxial 
orientation obtain(*d aft(*r stretching 60 p(*r c(*nt. The ori(*ntation show^n 
in figure 9 A is n*pres(*ntative of the* av(*rag(* viscose rayon of ten years ago 
and figure 9B of the* average* pn*s(*nt-day rayon, while* figure* 9(’ is typical 
of the highl}^ strete*he*d sj)ecial rayons. Most cupramme)nium raye)ns have* 
an orientation appn)ae*hing that of figure 9C^ 

SUMMARY 

Earlier inv(*stigations n'garding the* orieniting proi)ertie*s of native* cellu¬ 
lose in l)oth natural fibe*rs and in synthetic fibe*rs made* fre)m bae'te^rial cellu¬ 
lose membranes have* been e*xtended to hydrate* e*ellule)se in synthetic 
fibers produced from celliile)se* e*e)agulatcd from various sefiutiems. 

The hydrate ce*llule)se‘ e*rystallite posse*sses a major e)rienting tende*ncy 
with reference to the ?>-axis, and a minor or se*le*e*tive orienting tendency 
with refe*rence to the 101 plane. Orientation e)f th(\se* axes may be pro¬ 
duced either by shrinkage e)r by elongation of the* sample. Whenever there 
is a relative increase* in dimension of a sample in one direction, the 5-axes 
of the unit cell tend to ori(*nt parallel to that direction; if there is a relative 
decrease in dimension in one direction, the 101 planes are oriented perpen¬ 
dicular to that direction. The degree of orientation in each case is pro¬ 
portional to the relative change in dimensions of the sample. 

In films such as Cellophane, the x-ray diagram shows a selective uni- 
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planar orientation of the 101 plane if, upon drying, the swollen film is 
allowed to shrink only normal to the plane of the film. Likewise rayon 
fibers, especially viscose, if spun without tension, show a similar selective 
orientation with reference to the fiber surface. 

In both films and fibers, selective orientation of the 101 plane is de¬ 
stroyed by stretching, which produces a uniaxial orientation of the 6-axis 
(axis of cellulose chains) parallel to the direction of stretching. 
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Explosions- und Verbrennungs-vorgdnge in Gasen, By Wilhelm Jost. 16.5 x 24.5 
cm.; yiii and 608 pp. Berlin: Julius Springer, 1939. Price: 49.50 RM. 

Prof. Jost addresses this fine book primarily to German readers, but it will be a 
most useful addition to the book of Lewis and von Elbe, the U. S. A. Commercial 
Gas Association’s handbook Combustion, Laffitte’s recent memoir, and Methuen’s 
modest Chemical Monograph, (The second and third of these are not mentioned in 
an almost perfect bibliography.) In so brief a notice, it is easier to enumerate gaps 
than to particularize in congratulations. Moreover the references almost make 
good the textual omissions, and there is a subject index of some eighteen hundred 
entries. 

The book is illustrated with hundreds of diagrams, and the odophotographs are 
excellent; but there are no shadow photographs, and the pictorial photographs are 
meagre and badly chosen,~-a fault that might easily be remedied in a further edition, 
which also might well expand the too brief chapter 6 into an account of the flames of 
gas-heated furnaces, and mention Argand, father of all ’’diffusion-flames,” from 
whose burner, as modified by Frankland, Bunsen’s was by one step derived. The 
modernist trend of the book could indeed be indicated no better than by the omission 
of Argand, Frankland, Clerk, and Beyling from the long list of seven hundred 
authors, or by the one mention of Bunsen as compared with the numerous references 
to Bodenstein or to Semenoff. Another edition might also, despite the superficial 
limits imposed by the title, say something of the propagation of flames through 
dusts and sprays. After all, what could be a better introduction to ’’burning back” 
than the travelling zone of combustion in a test tube filled with animonium dichro¬ 
mate or with a mixture of iron filings and sulfur dust, or, for that matter, in a squib? 

A chapter on aerodynamics, expanding chapter 4, would be useful, too, in gen¬ 
eralizing on the growth of a flame, or of flames, in an explosive medium. One of 
the innumerable spiral motions in nature, the ’’spin” of detonation, to which the 
author gives many pages, would then fall into place as an example among many of 
how flame travels, with least energy expense, as one fluid through another. ’’Turbu- 
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lence’’, too, would then be generally explained as a crumpling of the streamlined 
isobars, and the disturbance of the flame front in wide tubes, to which a great deal of 
attention is given, would follow as one of many corollaries. 

Olivsk C. de C. Ellis. 

Techniache Adsorptionstoffe in der Koniakthatalyae, By Fbanz Krczil. xxxi + 

726 pp. Leipzig: Akademische Verlagsgesellschaft, 1938. Price: 40 RM. 

This volume is a storehouse of information concerning a large number of catalysts 
of the more porous type used in a great variety of heterogeneous reactions. After 
a brief introductory chapter the book is divided into three parts. 

Part I discusses the many types of surface-active catalysts which have been 
and are being used in chemical processes. Single contact agents, mixed agents 
containing two substances, and mixed agents containing more than two substances 
are considered in that order. All types of active carbon, silicious materials, silica 
gels, alumina, and hydrated aluminum oxides of various kinds are among the single 
surface-active substances considered. Mixtures of these together with metals, 
metallic oxides, as well as non-metallic oxides are discussed as mixed contact agents. 
Methods of preparation of the catalyst are often briefly given. Part II concerns 
the use of these adsorption types of catalysts in a number of inorganic reactions 
such as oxidations, reductions, decompositions, and a variety of syntheses. The 
third section, and this occupies roughly two-thirds of the book, treats of the many 
uses of these adsorption catalysts in the wide range of catalytic reactions covered by 
the field of organic chemistry. 

The factual material covered by this book is remarkably complete. The author 
makes no attempt to consider theories of contact catalysis, since he is interested in 
presenting as fully as possible all of the experimental results as well as the industrial 
procedures in this field. References are made to patent literature as well as to the 
usual journal sources. A separate section of the index is devoted to listing the 
patents on the subject from all countries. All chemists interested in contact cataly¬ 
sis will find Dr. Krezil’s book an important reference work in the field. The com¬ 
pleteness of the index makes the work particularly valuable to industrial labora¬ 
tories. 

L. H. Reyerson. 

Applied Mathematics in Chemical Engineering. By T. K. Sherwood and C. F. 

Reed. New York: McGraw-Hill Book Company, Inc., 1939. Price: $4.00. 

This is the book that many people have been waiting a long time to see. It 
represents the ideal combination of the talents of a mathematician and an engineer 
to make mathematics a really useful tool rather than an abstract mental exercise. 
Although its title might imply that its usefulness is limited to chemical engineering, 
such is not the case. Anyone engaged in constructive scientific or technical work 
will find a great deal of valuable material here, even though the bulk of the examples 
are taken from the field of chemical engineering. Even those who have spent years 
in adapting the instruments of mathematics to their particular needs will find many 
useful suggestions here for solutions and approximation. Many teachers of graduate 
students will find it ideal as a supplementary text in courses which include the use of 
mathematical treatments. As a matter of fact, a graduate course based largely on 
this book would be very valuable for chemists, physicists, and engineers. 

The scope of the work can best be indicated by citing the chapter headings, which 
are as follows: (1) Integration and Differentiation; (2) The Use of Differential 
Equations; (3) Solution of Ordinary Differential Equations; (4) Applications of 
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Partial Differential; (6) Infinite Series; (6) Partial Differential Equations; (7) 
Numerical Analysis; (8) Graphical Treatment of Chemical Engineering Processes; 
(9) Theory of Errors and Precision of Measurements. 

C. C. Furnas. 

Ferromagnetiamua, By R. Becker and W. During. 25 x 17 cm.; viii -f 440 pp. 

Berlin: J. Springer, 1939. Price: unbound, 39 RM.; bound, 42.60 RM. 

In the investigation of ferromagnetism there are two groups of questions to be 
considered: the first is concerned, broadly speaking, with the occurrence of intrinsic 
spontaneous magnetization, and its magnitude and temperature variation, and the 
second with the details of the variation with field of the bulk magnetization and with 
various secondary effects. This book deals mainly with the second group. 

There are six sections. The first two deal briefly but illuminatingly with funda¬ 
mental principles and with the general theory of ferromagnetism. The third section, 
more than a third of the whole book, deals with magnetization processes in ferro¬ 
magnetics and the factors controlling them. An excellent opening chapter intro¬ 
duces questions connected with crystal, strain, and field energy, describes boundary 
movement and gradual change of direction of magnetization in spontaneously mag¬ 
netized regions, and indicates the part they play in the course of magnetization. 
These topics are discussed in detail in subsequent chapters with reference to initial 
permeability, coercivity, high frequency permeability, and magnetic after effects. 
The thermal, electrical, and strain effects accompanying magnetization are then 
considered, and also the peculiar effects of a magnetic field on elastic properties and 
on the damping of mechanical oscillations. The final section, which deals witli 
magnetic materials in relation to technological applications, opens with an account 
of precipitation processes in alloys and their effect on magnetic properties. Tech¬ 
nological requirements for different purposes are clearly set forth, and the properties 
of a large number of both commercial and laboratory alloys are discussed in the light 
of the general theoretical outlook. 

From the point of view of a specialist the book is particularly useful for the re¬ 
markably comprehensive theoretical treatment, much of which is here published 
for the first time, of the interrelations betw^een magnetization and strain, both 
applied and internal. The formal completeness in this one direction does, however, 
to some extent distort the impression given of ferromagnetism as a whole. None the 
less, the general parts of the book give good surveys of the present position, and show 
a wide appreciative knowledge of relevant work, though the selection of references 
to the literature sometimes seems rather arbitrary. The three hundred and nineteen 
diagrams, with explanatory captions, are an admirable feature. The table of con¬ 
tents makes the general plan clear, but the index is very inadequate. 

The book at once takes its place as a valuable contribution to the literature of 
magnetism. It will be of great interest, however, not only to magneticians, but also 
to all those concerned with the properties of metals and alloys. 

Edmund C. Stoner. 

Reine Metalle, Edited by A. E. van Arkel. 24 x 16 cm.; vii -f 574 pp. Berlin: 

Julius Springer, 1939. Price: unbound, 48 RM.; bound, 49.80 RM. 

The increased interest in the metallic state which has been so conspicuous in 
recent years has called for a more complete knowledge of the properties of pure 
metals. Absolute purity being unattainable, and the removal of traces of foreign 
elements from several of the metals being very difficult, it is important to know^ what 
degree of purification has been reached in each instance, and how products of high 
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quality may be obtained. The present monograph, in which twenty workers of 
several countries have collaborated, does more than this, as it includes under each 
metal a full account of such physical and mechanical properties as have been de¬ 
termined with sulHcient accuracy, although not always on material of identical 
purity. This part of the work has been exceedingly well done, and will be found 
invaluable by metallurgists and by physicists who are working on the properties of 
metals. 

The monograph is weaker on the chemical side. When a preparation is described 
by an author as, say, 99.97 per cent pure, the statement cannot be accepted without 
close examination. It is necessary to know the methods of analysis which were used, 
and the degree of care which was taken to ensure that no impurities were overlooked. 
With products of such a degree of purity, a direct analytical determination of the 
principal metal is of no value. It must always be estimated by difference, and any 
omission to determine an impurity which is actually present leads to a fictitiously 
high value for the purity. It is only rarely that a satisfactorily full analysis is made. 
The task has been greatly aided by the recent development of quantitative spectro- 
graphic analysis, but even this is limited by the difficulty of preparing standards con¬ 
taining known small quantities of impurities. Also, some of the non-metallic im¬ 
purities are overlooked by this method, while hydrogen, nitrogen, and oxygen, which 
may profoundly influence the properties of a metal, are rarely looked for. The prob¬ 
lem of ^'blanks” is the most important factor in such analyses. This side of the 
subject is rather scantily treated in the present work, in which the statements of 
authors as to the purity of their metals are accepted rather at their face value, and 
the difficulties of analysis are not fully treated. 

A most interesting, and at first sight surprising, fact is the very high degree of 
purity of certain metals now produced industrially. It would be quite impracticable 
to prepare aluminum in the laboratory of such high purity as the metal electroly ti- 
cally refined by the A.F.C. process, described here by Gadeau, which contains less 
than 0.01 per cent of foreign elements. The cost of such a metal is not greatly above 
that of the commercial product, which has itself steadily risen in quality in recent 
years. Several other metals, including magnesium, zinc, and cadmium, have reached 
a similar stage in their industrial preparation. 

The situation is different in regard to metals of high melting point. No industrial 
variety of iron is pure enough for exact research, and tedious laboratory methods 
have to be used for its purification. The editor of this book, who is now Professor at 
Leyden, has been particularly associated with a method for the preparation of the 
more refractory metals, such as tungsten, thorium, and zirconium, by the thermal 
dissociation of their halogen compounds; this process has been found to be widely 
applicable, and to lend itself well to the production of single crystals. The physical 
properties of tungsten, in spite of its refractory character, are better known than 
those of almost any other metal, its importance to the electric lamp industry, with 
its many well-equipped physical laboratories, being responsible for this. 

There are still some metals which are hardly obtainable in a satisfactory state for 
modern research, and in some instances, such as that of beryllium, minute traces of 
difficulty removable impurities hamper the investigator. The accounts wj^jHiil’ and 
collected by Dr. van Arkel are of the highest value, and this well-printl||p 9 i^l|line 
should receive a cordial welcome. ^ \ 

PHneipUn of Mineral Dressing, By A. M. Gaubxn. First edition. fi54 pp. New 
York: McGraw-Hill Book Company, Inc., 1939. Price: $5.00. 
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This is an excellent classroom text, thoroughly modern, which lays emphasis on 
principles and minimizes machine descriptions, details of practice, and discussion of 
auxiliary operations. It comes from the pen of the Professor of Mineral Dressing of 
the Massachusetts Institute of Technology, who has had some years of experience in 
teaching this rapidly growing subject. A number of the author’s own sketches and 
drawings add to the clarity of the exposition. The unique chapter on liberation is 
illustrated with some of the finest drawings and photographs ever assembled on this 
important and often neglected subject. Many types of locked particles are pictured. 
A fine set of flow sheets appears in the very first chapter, serving to tie the whole 
subject together as an introduction and to create a desire to study the individual unit 
processes mentioned in the flow sheets. Gravity concentration on tables has been 
very happily called '‘flowing film concentration,” thus creating an immediate picture 
of the mechanism of the process. Scientific principles are well described, and the 
mathematics is within easy reach of students. Excellent bibliographies at the end 
of each chapter lead one to the more professional papers and to further detail. The 
very name of the book shows that dressing of ores is only a part of its subject matter 
and that both coal washing and the dressing of other industrial minerals are in¬ 
cluded. The book is useful. 

Oliver C. Ralston. 

Lectures on Osmosis. By F. A. H. Schreinemakers. 16 x 25 cm.; 45 figures; x + 266 

pp. New York: Nordemann Publishing Company, 1938. Price: 67.00. 

This book presents a summary of the extensive theoretical and practical researches 
on osmosis carried out in the University of Leyden by Dr. Schreinemakers and his 
associates. The treatment embraces a great diversity of systems, ranging from sim¬ 
ple systems of binary liquids and a single membrane to highly complex liquid systems 
involving two or more membranes. Paths representing possible diffusion behavior 
of each of the components were developed for each of the systems. The various types 
of concentration changes which might occur during diffusion are given detailed 
treatment, but no consideration is given to the mechanism of osmosis or to osmotic 
pressures which might attend the process of diffusion. 

The experimental systems treated include those with aqueous solutions of salts 
such as sodium chloride, ammonium chloride, or sodium carbonate, of acids such as 
oxalic, tartaric, succinic, salicylic, phthalic or boric, with membranes such as cello¬ 
phane, parchment paper, pigs’ bladder, or pigs’ omentum. In addition to these 
systems for which data are given a large number of imaginary systems were treated 
in detail. Included in the factors considered were the number and the concentra¬ 
tion of the components in the liquids, the presence of hydrous or anhydrous solid 
phases, the pressure and volume variability, the elasticity of the walls, and the 
selectivity of the membranes. Each of the different factors was treated as an 
"osmotic complex,” and the different diffusion possibilities were referred to as "dif¬ 
fusion types.” 

The justification for such an extensive and detailed treatment of such a diversity 
of imaginary systems can come only through the fact that the osmotic systems were 
considered to have permeable, not semipermeable, membranes. Equilibrium condi¬ 
tions would not exist at any stage of the process of diffusion, and hence thermody¬ 
namic treatment could not be employed in the prediction of the diffusion paths of these 
systems. The main value of the book is that it depicts the multitudinous variety of 
conditions which may prevail in experiments on diffusion through membranes. It 
serves to impress upon one the various changes which may occur in an osmotic system 
during the process of osmosis. One can, however, have no assurance that any 
designated "diffusion type” will apply to a given experimental osmotic system. 
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The price of the book, which seems high, perhaps indicates that it is anticipated 
that the use of the book will be limited largely to those having an active interest in 
this rather specialized subject. 

F. E. Bartbll. 

Colloid Chemistry (A Textbook). By Harry Boyer Weisbr. viii •+• 428 pp. New 

York: John Wiley and Sons, Inc., 1939. Price: (cloth) $4.00. 

The purpose of this book by the well-known investigator and author in the field 
of colloid chemistry is, in his own words, **to acquaint the student with the founda¬ 
tions of colloid chemistry and with the r61e that the classical experiments have 
played in the development of the modern theories and applications of the subject; to 
formulate systematically and to correlate critically the theories underlying colloid 
chemical behavior; and to illustrate the widely diversified applications of the prin¬ 
ciples of colloid chemistry in such fields as the industrial arts, agriculture, and 
biology.” 

The general plan of the book is as follows: After a short introductory chapter, the 
first section of seven chapters deals in the conventional way with adsorption. The 
next section of ten chapters deals with the sols, only the last chapter of this section 
being devoted exclusively to the hydrophilic sols. Shorter sections on gels, emul¬ 
sions and foams, aerosols and solid sols follow. The last part of the book deals with 
the ^Applications of Colloid Chemical Principles to Contact Catalysis, Dyeing, and 
Clay.” In addition there are indices of authors and subjects. 

The value of this otherwise very readable and instructive book is unfortunately 
somewhat diminished by too short a treatment or by complete omission of many 
newer developments, e.g., in the field of hydrophilic sols. The selection of the 
references is another point, in which improvements could be made in a second edition. 

Weiscr’s book will be a valuable aid to students seeking an introduction to the 
field of colloids. Its clarity, didactic skill, and simplicity (with an occasional tend¬ 
ency to oversimplify) will be extremely helpful to the newcomer in the field in ac¬ 
quiring much well-balanced basic information. 


Karl Sollnbr. 
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THE INHIBITING ACTION OF MINUTE AMOUNTS OF SODIUM 
HEXAMETAPHOSPHATE ON THE PRECIPITATION OF CAL¬ 
CIUM CARBONATE FROM AMMONIACAL SOLUTIONS. Ii*2 

Quantitative Studies op the Inhibition Process 

R. F. REITEMEIER* and T. F. BUEHRER 

Department of Agricultural Chemistry and SoilSf University of Arizona, 
Tucson, Arizona 

Received August $4* 

The fact that polymerized metaphosphates can inhibit as well as entirely 
prevent the precipitation of calcium carbonate has been applied on an 
industrial scale in the conditioning of boiler water, in flotation, in the 
removal of calcareous incrustations, in the stabilization of sols, and in 
other processes. These applications have, in the main, been developed 
by Hall (4). In those processes in which the water is completely softened, 
HalP states that the metaphosphate must be added in the proportion 
of . 4 formula-weights of sodium metaphosphate to 1 formula-weight 
of calcium at a pH of 8.5, but 7 formula-weights of sodium metaphosphate 
were required for this amount of calcium when the pH value was 10.^’ 
The calcium is assumed to be present in the form of a stable complex from 
which it cannot be precipitated either as the carbonate or as an insoluble 
soap. The exact composition of this complex has not yet been definitely 
established. 

A more recent application of sodium metaphosphate has been made by 
Rosenstein (11) for the prevention of calcium carbonate deposition from 
irrigation water when anhydrous ammonia is introduced as a source of 
nitrogen for growing crops. It was discovered that the precipitation of 
calcium carbonate can be prevented by an extraordinarily minute con- 

^ This paper is part of a dissertatipn submitted by R. F. Reitemeier to the Grad¬ 
uate College of the University of Arizona in partial fulfillment of the requirements 
for the degree of Doctor of Philosophy, which was conferred June 1, 1938. A more 
detailed account of this investigation, including the results of later work, is soon 
to appear in a Technical Bulletin of the Arizona Agricultural Experiment Station. 

* Presented before the Division of Physical and Inorganic Chemistry at the 
Ninety-sixth Meeting of the American Chemical Society, held in Milwaukee, Wis¬ 
consin, September, 1938. 

• Holder of the Shell Chemical Company Fellowship, 1936-38. Present address: 
U. S. Regional Salinity Laboratory, Riverside, California. 

^ Hall: U. S. patent 1,956,515 (April 24, 1934), page 5. 
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centration of metaphosphate, of the order of one part per million by wei^dit. 
Rosenstein (11) states, for example, that when ammonia in an amount 
sufficient to produce a concentration of 76 p.p.m. NH» was added to a 
water containing 120 p.p.m. of calcium, the precipitation of calcium car¬ 
bonate could be prevented entirely by the addition of sodium metaphos¬ 
phate in an amount sufficient to bring its concentration to 0.76 p.p.m. 
In this case the water is not softened, as it is in the instances cited above, 
since the metftphosphate concentration represents only an extremely small 
fraction of the amount necessary to convert the calciiun into the com¬ 
plex ion.® 

The most striking characteristic of this phenomenon is the minuteness 
of the concentration of metaphosphate which is capable of preventing 
precipitation. No attempt has apparently been made to explain the 
mechanism of this process. A quantitative study of the factors affecting 
it was therefore made, the results of which will be presented in this paper. 

THEOKETICAL CONSIDEBATION8 

The precipitation of calcium carbonate can be represented by the 
equation: 

Ca++ + HCOr + Oir = CaCO, -I- HjO 

This reaction is actually a summation of three simpler reactions, and its 
equilibrium constant is of the order of 10^^. Hence the precipitation 
would be expected to approach completion even in the presence of a minute 
concentration of metaphosphate, since under these conditions the con¬ 
version of the calcium into the stable ionic complex, as is the case in water 
softening, must be negligibly small. The efifect of the metaphosphate 
therefore appears to be largely an indirect one. Theoretically, however, 
it should be possible to introduce into the above equation the mctaphos- 
phate ion or molecule involved in the mechanism so it may adequately 
represent the inhibition process. 

This intriguing phenomenon at once suggests a number of problems for 
investigation: Does the metaphosphate affect the extent to which the 
reaction proceeds or primarily its rate? What is the magnitude of the 
effect at different concentrations of the reactants? Do other phosphates, 
genetically related to the metaphosphates, as well as other similar inorganic 
salts, exhibit a similar property? Does the presence of neutral salts in¬ 
fluence the effectiveness of metaphosphate as an inhibiting agent? Is 

‘ Since this manuscript was first written, the use of hexametaphosphate in these 
low concentrations for the prevention of calcium carbonate deposits from industrial 
waters, as well as their disintegration after having been deposited, has been described 
(see Hatch and Rice: Ind. Eng. Chem. SI, 51-7 (1939); Rice and Partridge: Ind. 
Eng. Chem. 81, 63-63 (1939)). 
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the high specificity of the metaphosphate related to the chemical nature 
of the reactants or to that of the reaction products? 

The quantitative evidence, both analytical and physicochemical, which 
was obtained in carefully controlled experiments in which these factors 
were systematically varied, will now be presented. The results of these 
studies are of interest not only from an academic but also from an in¬ 
dustrial point of view. 

PREPARATION OP MATERIALS 

The calcium bicarbonate stock solution was prepared by the action of 
carbon dioxide on a suspension of pure calcium carbonate, the latter 
having been precipitated from solutions containing recrystallized calcium 
chloride and ammonium carbonate, respectively. This solution was 
diluted with distilled water, before addition of the desired reagents, to 
give the calcium bicarbonate concentration desired. 

Standard ammonia solutions, of approximately 1 N concentration, were 
prepared by dilution of reagent grade ammonium hydroxide, and stand¬ 
ardized against O.l N hydrochloric acid. 

Sodium metaphosphate may be obtained in various crystalline forms 
or as an amorphous glass, according to the conditions of preparation. 
All of these forms exhibit more or less polymerization when dissolved in 
water, the extent depending upon the method of preparation. On this 
account it seemed desirable to use both the amorphous and one of the 
definite crystalline forms for purposes of comparison. The so-called 
hexametaphosphate, known as ‘^Graham^s salt’^ (3), was prepared as 
follows: Twice-recrystallized monosodium dihydrogen orthophosphate 
was fused in a platinum dish at about 640°C., and held at that temperature 
for 16 min. It was then quickly chilled, ground, and used without further 
purification. 

The crystalline form was prepared according to the method of Beans 
and Kiehl (1) and twice recrystallized from aqueous solution by the addi¬ 
tion of ethanol, according to the method used by Hill (7). In this paper 
we shall use the term ^^hexametaphosphate'^ in referring to the amorphous 
form of sodium metaphosphate, realizing that the extent of its polymeri¬ 
zation is variable and that the term probably does not represent the exact 
nature of this salt. Because of a similar uncertainty in regard to the 
crystalline modification, we shall designate this form as ‘^spluble crystalline 
sodium metaphosphate." 

Tetrasodium pyrophosphate was prepared by the ignition of recrystal¬ 
lized disodium monohydrogen orthophosphate, in a platinum dish, after 
which it was recrystallized from the aqueous solution by means of ethanol. 

The other inorganic salts which were tested for their effectiveness as in- 
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hibiting agents^ such as certain borates, nitrates, and vanadates, were 
of reagent grade and not further purified. 

EXPERIMENTAL RESULTS 

A. Effect of varying the ammonia concentration 

Since ammonia provides the alkalinity for the precipitation of calcium 
carbonate, it seemed of interest to carry out a series of experiments in 
which its concentration was varied, in order to determine (/) its effect on 
the actual amount of calcium carbonate precipitated, and (S) its effect 
on the concentration of metaphosphate required for complete prevention 
of precipitation. 

In the first series, the reaction mixtures were prepared by adding differ¬ 
ent volumes of the stock ammonia solution to a constant volume of stock 
calcium bicarbonate solution and diluting the mixtures in all cases to a 
final volume of 100 cc. One such series was allowed to stand 1 hr.; the 
other, 6 days. After standing the desired length of time, the carbonate 
precipitates formed were collected on filter paper and analyzed for total 
calcium. The results are shown in figure 1(A). 

The two curves show that the amount of calcium carbonate formed 
varies as the ammonia concentration, but not linearly. The time factor 
is evidently of great importance. After 6 days, the amount of calcium 
carbonate precipitated was about double the amount which formed during 
the first hour. The 6-day curve approaches a limiting value, which ap¬ 
proximates the solubility of calcium carbonate under these conditions. 
The amount of calcium carbonate precipitated after standing 1 hr. was 
found to be a linear function of the pH of the solution. As the ammonia 
concentration was increased from 200 to 2000 p.p.m., the pH increased 
from 9.8 to 10.8. The fact that time is so important in this process and 
that precipitation is relatively slow suggests that supersaturation may 
occur in the precipitation of calcium carbonate even from such dilute 
solutions. 

In the second experiment sodium hexametaphosphate was added to 
the reaction mixtures before the addition of ammonia. Four series of 
mixtures were prepared, each with the same amount of calcium bicarbonate 
but with a concentration of ammonia which, though increasing from 
series to series, was held constant within each series. After 1 hr. the 
precipitates were analyzed for calcium with results shown in figure 1(B). 

Several significant conclusions can be drawn from these graphs. First, 
the amount of calcium carbonate precipitated in the absence of the meta- 
phosphate increases only about 95 per cent as the ammonia concentration 
is increased 1100 per cent. This result agrees with those presented in 
figure 1(A) and is consistent with the low degree of dissociation of am¬ 
monium hydroxide. Secondly, an increase in metaphosphate concentra- 



PRECIPITATION OF CALCIUM CARBONATE. I 


639 


tion results in a gradual diminution of the amount precipitated, up to the 
concentration beyond which no calcium carbonate formation can be de¬ 
tected. This limiting concentration we have chosen to call the ^'threshold 
inhibition value.” Near this point the amount of carbonate precipitate 
formed is very small and therefore the analytical determination of calcium 
is relatively inaccurate. The actual threshold value is obtained by pro¬ 
longing the curve until it intersects the x-axis. Thirdly, while the thresh¬ 
old inhibition value increases with the ammonia concentration, the increase 
is very slight. Thus, an increase of 1100 per cent in the ammonia con¬ 
centration caused an increase in the threshold concentration of only 53 
per cent. In the presence of the metaphosphate the relative efficiency of 
ammonia in effecting precipitation by virtue of its alkalinity decreases 
with increasing concentration of metaphosphate. 

B, Effect of varying the calcium concentration 

In this case the procedure was the same as in the foregoing experiment, 
except that the ammonia concentration was held constant and the calcium 
bicarbonate and metaphosphate concentrations were varied. The results 
are shown in figure 1(C). 

The curves show that calcium ion, accompanied by an equivalent amount 
of bicarbonate ion, exerts a pronounced effect on the reaction. In the 
absence of metaphosphate, a fourfold increase in calcium concentration 
brings about a tenfold increase in the amount of calcium carbonate pre¬ 
cipitated. The effect of varying the calcium concentration on the thresh¬ 
old inhibition value is even more pronounced. A fourfold increase in the 
former, from 25 to 100 p.p.m., increases the metaphosphate requirement 
from 0.1 to 12.0 p.p.m., a one hundred and twentyfold increase. The 
present investigation indicates that the calcium bicarbonate concentration 
may be the most important single factor which affects the inhibition of 
calcium carbonate precipitation. 

C. Effect of ammonium ion 

Since ammonium ion reduces the dissociation of ammonium hydroxide, 
an increase in the initial concentration of ammonium ion should cause a 
marked decrease in the threshold metaphosphate requirement, if the 
reaction as shown by the equation proceeds as written in the presence of 
metaphosphate. Using the same procedure as before, but keeping the 
calcium bicarbonate and ammonia concentrations as well as the am¬ 
monium-ion concentration in each of four series of determinations constant, 
the amount of calcium carbonate precipitated in the presence of increasing 
concentrations of metaphosphate was determined. The results are shown 
in figure 1(D). 

With no ammonium chloride present, the threshold metaphosphate 
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requirement was 1.17 p.p.m., while in the presence of 2140 p.p.m. am¬ 
monium chloride (0.04 N), it was reduced to 0.06 p.p.m., that is, about 
twenty-threefold. The fact that calcium carbonate is appreciably soluble 
in ammonium chloride solution is well known; however, in this case free 
ammonia present to the extent of 650 p.p.m. would reduce such solvent 
action considerably. The increase in effectiveness of metaphosphate 
may be attributed in part to a reversal of the precipitation equilibrium as 
a result of a reduction in the dissociation of the ammonia. 

D. Effect of neutral salts 

When hexametaphosphate is used to inhibit precipitation of calcium 
carbonate from natural waters, it has been found that a lower concentra¬ 
tion of metaphosphate is required than in the case of pure calcium bi¬ 
carbonate solution, which suggests that the neutral salts usually present 
in the water may affect the process. To investigate this effect, sodium 
chloride and sodium sulfate were chosen as typical of the neutral salts 
present in such waters. Four series of determinations were made. The 
calcium bicarbonate and ammonia concentrations were the same as used 
in previous experiments, but sodium chloride and sodium sulfate were 
used in progressively increasing amounts so that the concentrations of 
Cl" and SO 4 — ranged from 0 to 0.04 N. After 1 hr. the calcium in the 
precipitates was determined. The results are shown in figure 1 (E, F). 

Increasing the salt concentration causes a comparatively slight decrease 
in the amount of calcium carbonate precipitated, but a much greater 
decrease in the concentration of metaphosphate required for complete 
prevention of precipitation. For example, addition of sodium sulfate to 
produce a concentration of 0.04 N reduces the threshold requirement of 
hexametaphosphate from 1.25 p.p.m. to about 0.3 p.p.m., whereas sodium 
chloride at a concentration of 0.04 N reduces it to about 0.66 p.p.m. 

The nature of this neutral-salt effect is not entirely obvious. These 
salts may conceivably affect the activity of the ammonia so as to lower 
the pH perceptibly and thus reduce the precipitation. To secure evi¬ 
dence on this point, pH measurements were made on ammonia solutions 
which contained 560 p.p.m. ammonia and to which the respective neutral 
salts had been added to give chloride and sulfate concentrations of the 
same range as used in the foregoing experiments. The data obtained with 
the glass electrode are assembled in table 1 . 

The above data show that instead of the pH being lowered by the pres¬ 
ence of neutral salts, a definite increase occurs, the effect of sulfate being 
more pronounced than that of chloride ion. Since the differences in pH 
are scarcely significant, however, so far as the precipitation of calcium 
carbonate is concerned, the neutral salts must in some manner influence 
the activity or behavior of the calcium or bicarbonate ions. The effect 
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may consist in a reduced activity of one or both of them, or, on the other 
hand, an increase in the solubility of calcium carbonate under these con¬ 
ditions. That sodium chloride and sodium sulfate increase the solubility 
of calcium carbonate is well known. Kohlschiitter and Egg (8) found 
that the presence of potassium chloride and sodium chloride caused fewer 
crystals to form when a current of air was passed through a calcium bi¬ 
carbonate solution. Stumper (12) found that sodium chloride and sodium 
sulfate inhibit the thermal decomposition of calcium bicarbonate, the 
effect of the sulfate being about three times that of the chloride. While 
these evidences point to a possible reduction in activity of calcium and/or 
bicarbonate ions, these neutral salts may affect the dissociation or de¬ 
polymerization of the hexametaphosphate, favoring the formation of an 
ionic or molecular species which is highly specific in its inhibiting action. 

TABLE 1 


Effect of neutral salts on the alkalinity of ammonia solutions 
Ammonia concentration = 560 p.p.m. NHg 


CONCINTBATION OF NasS04 

CONCBNTBATION OF NbCI 

pH 

N 

N 


0 

0 

10.16 

0.0104 

0 

10.55 

0.0209 

0 

10.79 

0.0417 ; 

0 

10.86 

0 

0.0141 

10.55 

0 

0.0282 1 

10.61 

0 

0.0564 

10.62 


E. Variation of the threshold value mth the time 

The importance of the time factor in the precipitation of calcium car¬ 
bonate was illustrated in figure 1(A). Since the precipitation experiments 
presented in figure 1(B to F) involved a reaction period of 1 hr., several 
experiments were designed to determine the specific effect of time on the 
threshold inhibition value. For this purpose the conductance method 
offered the most sensitive means of following the precipitation process 
over an extended period of time, since precipitation of calcium carbonate 
would result in a diminution of the conductance due to the removal of ions. 

A glass-stoppered conductivity cell of 63-ml. capacity was employed. 
Appropriate volumes of calcium bicarbonate, sodium hexametaphosphate, 
and ammonia solutions, all at 25®C., were pipetted into the cell in the order 
just mentioned and diluted in each case to 63 ml. with conductivity water. 
The results of a series of studies with different concentrations of the meta¬ 
phosphate are presented in figure 2. 

These curves show clearly that precipitation proceeds through three 
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stages, which are modified somewhat according to the metaphosphate 
concentration. First, there is a sharp increase in the conductance; 
secondly, the conductance reaches a maximum value at which it may 
remain for a considerable length of time; and thirdly, there is a decrease 
in the conductance, the rate of which depends on the metaphosphate 
concentration. 

The initial rise in the conductance curves was found, from studies on 
two-component systems, to be due to the reaction between ammonium 
hydroxide and carbonic acid. In relation to the precipitation reaction 



Fig. 2. Variation of the threshold value with the time 

it evidently represents the time required for a sufficient concentration of 
carbonate ions to be formed to saturate the solution with calcium carbonate 
and thus allow precipitation to proceed. The comparative slowness of 
this process is apparently due to the slow rate of hydration and neutraliza¬ 
tion of carbon dioxide (9). When sodium hydroxide is used instead of^ 
ammonia in the precipitation reaction, no such initial rise in the con¬ 
ductance curve occurs. This result is in accord with the interpretation 
given by Hammett (5). When ammonia is used, the reaction with carbon 
dioxide produces primarily bicarbonate ion, whereas with sodium hy- 
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droxide, carbonate ion is formed. The rate of the latter reaction being 
proportional to the square of the hydroxyl-ion concentration, it is evident 
that the formation of carbonate ion is much more rapid in the presence of 
sodium hydroxide than of ammonia. 

Another significant fact is shown by the curves of figure 2, namely, 
that an increase in metaphosphate concentration prolongs the time during 
which the conductance remains at its maximum value. This effect is 
shown in table 2. As the concentration of metaphosphate increases, a 
longer period of time is required for the system to reach the point where 
calcium carbonate begins to precipitate from the solution. After pre¬ 
cipitation has begun, its rate is fairly constant, depending upon the meta¬ 
phosphate concentration. 


TABLE 2 

Effect of sodium hexameiaphosphate on the period during which the conductance was 

at a maximum 


CONCBNTBATION OF (NaPOa)« 

XBTIMATED PERIOD OP MAXIMUM CONDUCTANCE 

p.p.TO. 

minuiti 

0 

2 

0.3 

6 

0.9 

25 

1.2 

40 

2.0 

65 

4.0 1 

>150 


These results indicate three significant aspects of the inhibition process: 
first, the presence of the metaphosphate lengthens the time required for 
precipitation to commence; secondly, after precipitation has begun, the 
metaphosphate diminishes the rate of the reaction; and thirdly, if sufficient 
metaphosphate is present, precipitation is entirely prevented. 

Reference has already been made to the fact that the inhibition mecha¬ 
nism might involve an effect of metaphosphate on the conversion of bi¬ 
carbonate to carbonate ion. Evidently, if the metaphosphate exhibits 
the same order of effectiveness in systems containing carbonate ions 
initially, this step in the mechanism might be definitely eliminated. A 
conductance study similar to the above w^as accordingly made, in which 
calcium chloride and sodium carbonate were substituted for calcium 
bicarbonate and ammonia. The results are shown graphically in figure 3. 

Except for the absence of the initial rise in conductance, the same general 
effects were observed. Sodium hexametaphosphate appears to be as 
effective in systems containing a high initial concentration of carbonate 
ions as in bicarbonate solutions having a high potential supply of car- 
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bonate ions. It is therefore concluded that the inhibiting action of meta¬ 
phosphate does not consist of a retardation of the conversion of bicarbonate 
to carbonate ions. 



Fig. 3. Effect of sodium hexametaphosphate on the precipitation of calcium 
carbonate from calcium chloride-sodium carbonate mixtures. 



Fig. 4. Effect of time on the precipitation of calcium carbonate in the presence 
of sodium hexametaphosphate. 


The effect of time on the inhibition process was likewise studied by way 
of precipitation experiments. Three series of mixtures containing con¬ 
stant amounts of the reactants were prepared and allowed to stand for 
different periods of time: namely, 1 hr., 1 day, and 32 days, all at room 
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temperature. The precipitates were analyzed for calcium as before, with 
the results shown in figure 4. 

The maximum amount of calcium that could be precipitated in the ab¬ 
sence of metaphosphate was 5 mg. It will be noted that about 4.8 mg. of 
calcium, representing 96 per cent of the total calcium present, had been 
precipitated both at the end of 1 day and after 32 days; the amount 
thus remaining in solution is equivalent to the solubility of calcium car¬ 
bonate under these conditions. 

As the time of standing increases, the efficiency of metaphosphate de¬ 
creases; thus, in 1 hr. 11 per cent of the total calcium precipitated in the 
presence of 0.6 p.p.m. of metaphosphatc, while at the end of 1 day and 
32 days, respectively, this concentration had permitted 2.7 mg. (54 per 
cent) and 4.6 mg. (92 per cent) of the calcium to precipitate. The thresh¬ 
old requirement does not, however, show so marked an increase; for the 
three periods of time, the threshold values were 1.1, 1.35, and 1.5 p.p.m. 
of metaphosphate, respectively. 

It will be noted that as the time allowed for precipitation was increased, 
the shape of the area under the curve approached that of a rectangle. 
The respective areas represent a summation of the amounts of precipitate 
formed in the mixtures to which had been added varying amounts of 
metaphosphate from zero to the threshold concentration, and during the 
period of time chosen for the respective experiments. The magnitudes of 
the areas give a quantitative indication of the extent to which the time 
element enters into the process and the extent to which the inhibition is 
permanent. 

When measured with a planimeter, the three areas, when referred to the 
area under the 1-hr. curve as unity, are to each other as 1:3.47:7.25. 
An increase of only 36 per cent in the threshold value thus increased the 
total precipitation, as determined from the areas, by 625 per cent. Only 
3.8 per cent of the total precipitation occurring during the 31-day interval 
occurred at metaphosphate concentrations higher than the threshold 
inhibition value required for complete prevention of precipitation on 1 
day^s standing. These facts indicate that the inhibition is a permanent 
effect under the conditions in these experiments. For the system under 
consideration, it appears safe to assume that there is a permanent thresh¬ 
old value of approximately 1.5 p.p.m. of metaphosphate, beyond which 
no calcium carbonate will precipitate regardless of the length of time 
allowed for precipitation to take place. 

F, Comparison of various phosphates as inhibiting agents 

The close genetic relationship between the ortho-, meta-, and pyro¬ 
phosphates suggested that the structure, polymerization, and chemical 
nature of the phosphate molecule might determine in large measure its 
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ability to inhibit calcium carbonate precipitation. It was therefore 
thought that a knowledge of their relative efficiencies as inhibiting agents 
under similar experimental conditions might afford evidence as to the 
mechanism of the inhibition process. 

By means of the technique previously described, the relative effective¬ 
ness of hexametaphosphate, tetrasodium pyrophosphate, and primary 
sodium orthophosphate was determined. The precipitates were analyzed 
for calcium after standing for 2 days. The data are plotted in figure 5, 
the “concentrations of phosphate” along the axis of abscissae having been 
calculated to indicate the actual concentration of the respective phos¬ 
phates on a weight basis. 



TOTAL mWintATC COHCtMTIIATION 

Fiq. 5. Inhibiting action of various phosphates 

The meta- and pyro-phosphate curves exhibit a striking similarity in 
shape and in magnitude of the threshold inhibition value at the calcium 
concentration here used, namely, 60 p.p.m. These results are in agree¬ 
ment with those of Hartung (6), who worked with calcium solutions at 
ordinary concentrations. He concluded that the meta- and pyro-phos- 
phates were about equally effective in the stabilization of a water softened 
by the lime-soda process. Quotmg Hartung’s statranent: .. waters 
with high calcium concentrations are not so easily (if at all)* stabilized 
by tetra-sodium pyrophosphate.” 

The orthophosphate curve is a straight line of gentle slope with no 
evidence of any definite threshold value. In the latter case it was ob¬ 
served that a precipitate of calcium phosphate was formed at the bigbor 
phosphate concentrations, which appears to offset the inhibiting effect of 


' The puenthesea are Hartung’e. 
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the orthophosphate. Nevertheless, the orthophosphate is capable of 
reducing the precipitation of calcium carbonate to a limited extent and 
within a limited range of conditions. 

Similar experiments with the crystalline sodium metaphosphate indi¬ 
cated that it was practically without effect. The close similarity in be¬ 
havior of the pyrophosphate and hexametaphosphate suggests that the 
inhibition mechanism may be similar, if not identical, in the two cases. 
From a study of these two phosphates in connection with the softening 
of water, Gilmore (2) concluded that both are effective, but that the 
latter is superior to the former. Since the metaphosphate is genetically 
related to the pyrophosphate,—by way of Na 2 H 2 P 207 which forms as 
an intermediate product in the original decomposition of the primary 
phosphate,—and since it is also formed in the re-hydration of the meta¬ 
phosphate, it is reasonable to assume that some intermediate form of 
pyrophosphate, or possibly a more complex phosphate,’ is responsible for 
the inhibition in the two cases. 

It has been found by Partridge (10) that the conditions of preparation 
of the glassy hexametaphosphate, such as the time and temperature at 
which the melt is held in the fused state, may modify the effectiveness of 
the product as an inhibiting agent. A metaphosphate glass, which he 
prepared ‘‘by dehydration and fusion of monosodium orthophosphate at 
650®C., for 16 hours, followed by quenching between steel plates,'' was 
found to possess an inhibiting power similar to that which we have re¬ 
ported for hexametaphosphate in this paper. However, a more active 
product was obtained by holding the melt at 1000®C. for 2 hr. Hence he 
concludes that the temperature of preparation is of primary importance 
in the manufacture of an actively inhibiting product. 

G. Behavior of other inorganic salts as inhibiting agents 

The action of the various phosphates illustrated in the foregoing experi¬ 
ments led to the question whether analogous salts of other elements 
possess a similar property. Inhibition experiments were accordingly 
carried out with the following salts: sodium tetraborate, ammonium 
metavanadate, sodium metavanadate, fused sodium metavanadate, 
sodium orthovanadate, fused sodium ortho vanadate, sodium metaborate, 
dipotassium dihydrogen antimonate, sodium bismuthate, sodium arsenite, 
disodium orthoarsenate, potassium nitrate, and fused potassium nitrate. 
(It is recognized that fusion of the vanadates and nitrates results in partial 

^ A somewhat more reasonable possibility to account for this behavior is sug¬ 
gested by Terrey (13), quoting several authors who attribute it to tri> and tetra- 
polyphosphates which may be formed in the original fusion process, depending upon 
the conditions. The action of such phosphates was not, however, considered in 
the present investigation. 
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decomposition.) However, of the fourteen salts studied, none was found 
to inhibit measurably the precipitaticm of calcium carbonate. In nearly 
all cases the concentration of the particular salt was carried to a value 
as high as 20 p.p.m. without noticeable effect. Although most of these 
salts can form an analogous series of ortho, meta, and pyro salts, they do 
not possess the ability to inhibit calcium carbonate precipitation. Even 
the transformation to an amorphous or glassy form does not impart to 
them this peculiar property. It therefore appears to be a highly specific 
characteristic of the inorganic salts containing phosphorus in the 
pentavalent form. 


DISCUSSION 

The data presented in this paper demonstrate conclusively that the 
molecularly hydrated phosphates,—sodium hexametaphosphate and 
sodium pyrophosphate,—in their ionic or polymerized molecular forms 
are able, in minute concentrations, not only to retard but also to prevent 
entirely the precipitation of calcium carbonate from ammoniacal solutions. 
The possibility of permanent prevention of such precipitation, demon¬ 
strated by way of long-time inhibition experiments, indicates the existence 
of an extraordinarily stable system. The evidence obtained by varying 
the concentration of individual reactants indicates that calcium bi¬ 
carbonate is the most important constituent involved in the mechanism, 
and hence implies a close relationship between the phosphate and either 
calcium or bicarbonate ion. Since the use of metaphosphates in water 
softening involves the removal of calcium, it is very unlikely that bi¬ 
carbonate ion plays an important part in the mechanism. In the light 
of these findings, the authors are inclined to postulate a mechanism in¬ 
volving first, the primary precipitation reaction and secondly, an inhi¬ 
bition reaction which involves the meta- or pyro-phosphate. Varying the 
concentrations of ammonia, ammonium ion, and of neutral salts like so¬ 
dium chloride and sodium sulfate affects only the primary precipitation 
reaction in the conventional manner. Variations in calcium bicarbonate 
concentration, however, affect the inhibition process and thus have a 
more pronounced effect on the quantitative results. 

The mechanism is, however, complicated by certain physical factors 
which are concerned in the formation of the calcium carbonate crystal. 
These have been subjected to an intensive study, the results of which 
will be presented in a subsequent paper. 

SUMMARY 

1. Glassy sodium hexametaphosphate, at extremely low concentrations 
of the order of 1 p.p.m. (10“® molal), is found to prevent the precipitation 
of calcium carbonate from solutions containing 200 p.p.m. of calcium 
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bicarbonate (10""* molal) and 550 p.p.m. of ammonia (0.03 molal). Crys¬ 
talline sodium metaphosphate is relatively ineffective under similar con¬ 
ditions. At low calcium concentrations pyrophosphates are as effective 
as metaphosphates; orthophosphates exhibit a slight ability to inhibit 
precipitation, but it is limited by the precipitation of an orthophosphate 
of calcium. No other analogous inorganic salts, similar to the phos¬ 
phates, possess this property. It is highly specific of the molecularly de¬ 
hydrated phosphates only. 

2. The threshold concentration of hexametaphosphate required to 
prevent precipitation increases with the ammonia concentration as well as 
with that of calcium bicarbonate, but to a much greater extent with the 
latter. Ammonium salts and neutral sodium salts increase the effec¬ 
tiveness of the metaphosphate; this indicates an indirect effect on the 
activities of calcium ion, bicarbonate ion, and ammonium hydroxide. 

3. At such low concentrations the metaphosphate retards precipitation 
and, if present in sufficient amount, will prevent it permanently. The 
evidence points to the existence of a highly stable inhibition system, pos¬ 
sibly involving calcium ions. 

We desire herewith to express our thanks to the Shell Chemical Com¬ 
pany of San Francisco, California, for their support of this research by 
way of a fellowship; to Dr. Ludwig Rosenstein, who suggested the prob¬ 
lem and manifested much interest in its progress; and to Mr. W. T. Mc- 
George, Chemist of the Arizona Agricultural Experiment Station, for his 
interest and support. 
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In a previous paper by the authors (14) it was shown that the inhibit¬ 
ing effect of metaphosphates on the precipitation of calcium carbonate 
manifests itself as either a retardation of precipitation or its complete 
prevention, depending upon the properties of the reacting components 
present in the solution, primarily those of calcium bicarbonate and sodium 
hexametaphosphate. Chemical studies designed to explain the mechanism 
of this process have shown definitely that it is not due to some mysterious 
interaction between metaphosphate and bicarbonate ion, or carbonate 
ion, or the ammonia. Nor does it affect the possible interactions between 
these constituents. The minuteness of the concentration of metaphos¬ 
phate which is effective in this process would appear to eliminate complex 
formation between calcium ion and the hexametaphosphate as a possible 
explanation, since only an extremely small amount of it is necessary to 
prevent precipitation completely. The quantitative evidence obtained 
in these studies has proved, moreover, that the primary precipitation 
reaction, represented by the simple equation 

Ca-^ + HCOr + OH" = CaCO,(s) + H*0 

is not affected by traces of hexametaphosphate. 

The only other plausible basis for explaining the mechanism must be 
sought either in the effect of hexametaphosphate on the nature of the 
solid phase which separates out, or in the conditions attending the crystal¬ 
lization process. Preliminary experiments had shown that, when calcium 
carbonate was precipitated from calcium bicarbonate by the addition of 
ammonia, the crystals formed rapidly, did not adhere to the walls of the 
vessel, and settled readily. If, however, the same precipitation was 
carried out in the presence of one part per million or less of hexameta- 

‘ Presented before the Division of Physical and Inorganic Chemistry at the 
Ninety-sixth Meeting of the American Chemical Society, held at Milwaukee, Wis¬ 
consin, September, 1038. See footnote to Paper I of this series for additional 
information. 
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phosphate, that is, below the level necessary completely to prevent precipi¬ 
tation, there was no immediate precipitation but, after standing several 
hours, clear, brittle crystals were formed which adhered firmly to the 
sides and bottom of the precipitating vessel. Microscopically these 
crystals were strikingly different from the well-known calcite rhombs. It 
was concluded that the metaphosphate must in some manner interfere 
with the crystallization process. 

The problem resolves itself into two questions: (Jf) Does the meta¬ 
phosphate stabilize calcium carbonate particles of colloidal dimensions and 
prevent them from aggregating into macroscopic particles, or (£) does it 
interfere with the subsequent growth of the crystal from nuclei that were 
formed in the normal manner? The present paper sets forth a study of 
these two questions. 


ULTRAMICROSCOPIC STUDIES 

Preliminary experiments indicated that calcium carbonate suspensions 
formed in the presence of metaphosphate did not show the Tyndall 
effect. More conclusive quantitative evidence was secured with the 
slit ultramicroscope, on mixtures containing 50 p.p.m. of calcium, 155 
p.p.m. of bicarbonate ion, 560 p.p.m. of ammonia, and sodium hexameta- 
phosphate in concentrations varying from 0 to 5 p.p.m. The prepara¬ 
tion of the compounds used in making up these solutions has been de¬ 
scribed in the preceding paper (14). These solutions had been prepared 
from water doubly distilled from alkaline permanganate. The ammonia 
was redistilled over calcium hydroxide into cooled conductivity water. 
The mixtures were allowed to stand 1 hr. The density of particle dis¬ 
tribution was determined for each mixture by the method of rhythmic 
counting. An 8-mm. objective and a lOX ocular were used in all of the 
measurements. 

The results obtained are assembled in table 1. 

The data in table 1 show that the metaphosphate does not increase 
or stabilize the particles of colloidal dimensions, since the number of 
particles in the mixtures in which precipitation was entirely prevented 
did not differ significantly from that of the “blanks” on the original 
solution. It might be pointed out that the precipitation of calcium 
carbonate which occurred in the mixtures containing up to 1.2 p.p.m. of 
metaphosphate resulted from coprecipitation with the suspended impuri¬ 
ties present initially in all of the mixtures. Photomicrographic evidence 
has shown that, in the presence of metaphosphate at a concentration so 
low that the inhibition is not complete, the calcium carbonate crystals 
will form on any kind of suspended impurity that may be present in the 
solution. Under such circumstances many of the initially suspended par- 



554 


T. F. BUBHBBR AND B. Jf. BBimiMBIBK 


tides might be deposited, with the obvious result that the ultramicro* 
scopic count would be lowered. 

An independent experiment was designed to determine the “life" of a 
colloidal calcium carbonate particle if its existence were possible. For 
this purpose a sample of a calcium bicarbonate-ammonia mixture without 
metaphosphate was placed in the ultramicroscope cell and observed for 
a few minutes. It was found that the number of particles observable 
under these conditions increased to a maximum in about 5 min. and then 
began to decrease. This observation proves that the existence of such a 


TABLE 1 

Density of particle distribution in the precipitation of calcium carbonate as indicated by 
rhythmical counts with the ultramicroscope 


CONCBNTRATIOKS OF COK8TXTUXN 


RBSULTS or 100 COTTMM 
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KUMBBR PBB 
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Ca++ 

HCOa- 

NHa 

(NaPO.)i 

T.F.B.* 

R.F.R.t 

COUNT 

p.p,m. 

p.p.m. 

p.p.tn. 

p,p,m. 

24 

26; 15 

0.21 

50 
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22 

14 

0.18 




5 

63 

80 

0.72 



560 


27 

27 

38 

33 

1 0.31 

50 

155 

560 

5 

47 

54 

0.50 

50 

155 

560 

4 

60 

79 

0.70 

50 

155 

560 

3 

54 

44 

0.49 

50 

155 

560 

2 

67 

61 

0.64 

50 

155 

560 

1.5 

74 

51 

0.63 

50 

155 

560 

1.2 

47 

39 

0.43 

50 

155 

560 

0.9 

19 

24 

0.22 

50 

155 

560 

0.6 

22 

24 

0.21 

50 

155 

560 

0.3 

24 

16 

0.20 

50 

155 

560 

0.0 

21 

20 

0.21 


♦ T. F. Buehrer. 
t R. F. Reitemeier. 


colloidal state is very transitory and that the particles grow rapidly to 
macroscopic dimensions. | 

With respect to the theory of colloid stabilization the foregoing results 
indicate definitely the absence of any such stabilized colloidal calcium 
carbonate particles. If such a process occurred, it would enormously 
increase the colloidal content of the suspension, a condition easily de¬ 
tectable with the ultramicroscope. The very slight increase in the count 
may be accounted for in terms of the deposition of the precipitate on the 
suspended particles as rapidly as it is formed. 

It is of course possible that there might be particles too small to be 
visible even under the ultramicroscope. Even if the existence of such 
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colloidal particles were demonstrable, it is still problematical whether 
hexametaphosphate could stabilize such particles. Gortikov and Mali¬ 
novskaya (5) found calcite and aragonite to be positively charged. Hence 
the negative metaphosphate ion would coagulate rather than stabilize 
them. On the other hand, Chwala (1) has demonstrated the use of 
sodium pyrophosphate as a peptizing agent. The experimental evidence 
here presented has convinced the authors that the theory of colloid stabili¬ 
zation, to account for inhibition by metaphosphates, is not tenable. 

PHOTOMICROGRAPHIC STUDIES ON CALCIUM CARBONATE PRECIPITATED 
UNDER DIFFERENT CONDITIONS 

It is recognized that the formation of crystal nuclei and the subsequent 
growth of the crystal are two distinct phenomena. The foregoing experi¬ 
ments demonstrated that metaphosphates do not influence the rate of 
nuclei formation. Hence it was thought that the inhibition manifested 
itself as an abnormal or deranged cr 3 ''stallization process, in which either 
the growth of the crystal may be retarded or the form or habit of the 
crystals may be markedly changed. Preliminary microscopic examination 
of the firmly adherent crystals, above referred to, showed them to be very 
different in appearance from the typical calcite rhombs obtained under 
ordinary conditions of precipitation. 

The typical crystalline forms of calcium carbonate,—namely, calcite, 
aragonite, and //-calcium carbonate,—are well known (8). It is possible, 
however, for these modifications to assume a great variety of crystal hab¬ 
its (4). Kohlschiitter and his coworkers (10, 11) have shown that the 
crystal habit of a substance may be markedly influenced by the presence 
of colloidally dispersed material in the solution in which the precipitation 
took place. They found, for example, that certain dyes, gelatin, agar, 
and other substances produced what they termed ‘‘somatoid” forms of 
calcium carbonate. France and his associates (2, 3, 9) demonstrated a 
similar effect in their work on the crystallization of copper sulfate, cer¬ 
tain alums, and other highly soluble salts. A series of experiments was 
accordingly designed, which closely paralleled the inhibition experiments 
of the preceding paper (14) and in which changes in crystal form could be 
recorded in the form of photomicrographs. 

Procedure for obtaining 'photomicrographs 

To mixtures containing 50 p.p.m. of calcium and 150 p.p.m. of bicar¬ 
bonate, varying amounts of the respective phosphates were added, and 
an amount of ammonia solution subsequently added such that when the 
total volume was in each case brought to 100 ml. with distilled water, the 
final ammonia concentration would in all cases be 550 p.p.m. of ammonia. 
The mixtures were allowed to stand undisturbed for a definite period of 
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time, after which the supernatant liquid was decanted to terminate the 
reaction. The crystals were then washed and, if loosely adherent, trans¬ 
ferred to a microscope slide by means of a medicine dropper. In cases 
where the crystals adhere firmly to the beaker, and it seemed unwise to 
break them while removing them with a spatula, they were photographed 
directly in the bottom of the beaker. A uniform magnification of 300 
diameters was employed throughout. The photomicrographs so ob¬ 
tained will be presented in figures 1, 2, 4, 6, 6, 7, 8, 9, and 10. 

Calcium carbonate 'precipitates from the system Ca(HC0»)»-(NaP08)»-NH3 

after 4 hr. (see figure 1) 

The effect of the hexametaphosphate on the crystal habit is at once 
apparent. With no metaphosphate present, t}q>ical rhombs of calcite are 
obtained. In the presence of metaphosphate at concentrations of 0.3 
to 0.6 p.p.m., the rhombs are fewer in niunber and larger in size, many 
of them showing various degrees of distortion. At 0.9 p.p.m. the original 
rhombic form has entirely disappeared, and only grotesquely deformed 
masses of somewhat smaller size remain. At 1.2 p.p.m., corresponding 
to the “threshold value” for this system as found in the preceding paper 
(14), only a few crystals were obtained, of about the size of normal rhombs 
but without definite form. Above this concentration no crystals whatever 
were obtained, i.e., precipitation was entirely prevented. These results 
are in striking accord with those found in the inhibition experiments, 
based on the analytical determination of the amount of calcium precipi¬ 
tated imder like conditions. 

Calcium carbonate precipitates from the system Ca(HCO»)j-(NaPO»)6-NHi 

after 2 days (see figure 2) 

Figure 2 illustrates the effect of time on the extent of deformation that 
may occur. The crystals are much larger in size, fewer in number, and 
much more distorted. In some the deformation has just begun to appear 
in the form of a roughening at the edges; in others there is complete dis¬ 
tortion. The size of the normal rhombs, obtained in the absence of 
metaphosphate, does not change on standing. Beyond 1.5 p.p.m., no 
crystals whatever were obtained. 

The change in size of the crystals precipitated from a solution of calcium 
bicarbonate and also from a natural water, as the metaphosphate con¬ 
centration is increased, is shown graphically in figure 3. The natural 
water, included in the study because of its unusual interest, came from a 
well near Goleta, California. Among many such waters studied by Rosen- 
stein and his coworkers, the Goleta water proved to be exceptional in its 
behavior, requiring an extraordinarily high concentration of metBphos- 
phate to inhibit precipitation. This behavior is probably due in part 
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Fig. 2. Calcium carbonate precipitates from the system Ca(HCX)s) 2 ” (NaP 03 ) 6 - 
NHs after 2 days. Amount of (NaP 03 ) 6 : 1, none; 2, 0.3 p.p.m.; 3, 0.6 p.p.m.; 4 
0.9 p.p.m.; 5, 1.2 p.p.m.; 6, 1.5 p.p.m. 
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to an unusually high concentration of calcium (216 p.p.m.) and magne¬ 
sium (80 p.p.m.). 

It will be observed that the mean diameter of the particle increases with 
the concentration of metaphosphate to a maximum at a “threshold value” 
of about 1 p.p.m., thereafter decreasing sharply in the direction of a 
point where no precipitate whatever would be obtained. The .size of 
the erystals apiiears to depend upon two factors: {1) the extent of the in¬ 
hibition at any given metaphosphati' concentration, and (2) the actual 
supply of calcium and carbonate ions which are available for precipitation. 
There are apparently two steps in this process. The inhibition process 
reejuirt's that tlu' crystals become progressively larger as the metaphos- 



Fk;. 3. Mean diameter of calcium carbonate crystals as a function of metaphos- 
])hate concentration in solutions from which they were precipitated. 


pliato concHuitration ijicroasos. Tliis tendiaioy is rounteracted by a d(‘- 
creaso in tlio su])ply of calcium and phosphate ions whicli is, in turn, 
controlled by the m(‘taphos[)hate concentration. In oth(*r words, by rc- 
tarding precipitation the inhibition proc(»ss causes larger crystals to form, 
and by (eventually preventing precipitation it reduces the quantity of 
precipitate which can form. 

Calcium carbonate precipitate a from the syniem C’'a(H(X) 3 ) 2 -(NaP(); 06 -NH 3 
after 32 days {see figure 4) 

Figure 4 shows tlu* enormous size and tlu* (*xtraordinary d(*gr(*e of dis¬ 
tortion which tlu* crystals can attain on long standing. It is significant 
to not(^ that typical rhombs obtained in the absence* of metaphosfihate 
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remained unchanged in form and were only slightly smaller in average 
size at the end of this period. Rough measurements of the areas of the 
distorted particle in No. 2 and the average dinnuisions of those in No. I 
indicated a \'olunie ratio of the order of 10,000:1, a change brought about 
by a conc(mtration of only 0.9 p.p.m. of hexametaphosphat(^ The actual 
diameter of the distorted crystal here shown was about 0.2 mm. 

Calcium carbonate preeijntates from the system C'a(HC 03 ) 2 -NaiP 2()7 NHs 
after ^ hr. (see figure J) 

The effect of ])yrophosphate is similar to that of the metaphosphate, 
involving a progn'ssivi^ly inci-c^asing distortion of the crystals (see figure' 
5). At 0.3 p.p.m., one finds typical nodular growths on the face's of the' 



Fie;. 4. Calcium carbonate precipitates from the system ('a(IIC^ 0 a)i-(XaP 03 )R- 
NH8 after standing 32 days. 1, no (NaPOsle; 2, 0.9 p.p.m. (\aPO.Oo. 

rhombs. At 0.45 p.p.m., the original rheimbic form has ('iitirely disap¬ 
peared. 

Calcium carbonate precipitates from the system C'a(H(' 03 ) 2 ~NaH 2 P() 4 -NH 3 

{sec figure (>) 

It was shown in the [ire'ceding paper (14) that eirthopheisphates de) not 
inhibit the precipitation of calcium carbonate' in the' same' se'iise as do the 
corresponding meta and pyro salts. The phote)micrographs of figure 6 
substantiate this observation. At a concentration e)f 0.3 p.p.m., the' 
rhombs are still unchangt^d. At 0.9 p.p.m., wliich is afiproximately the' 
threshold value for the other phosphate's, there is still e^emsiderable precipi¬ 
tation, but it will be noted that another species of (*rystal has made its 
appearance, which is probably an orthophosphate' of calcium. 


Fk’i. 5. (*arl)()niiic‘ prccMpitatcs from tlio system Ca(H( 0.^)2 Na4f^207 

NHs after 4 hr. Amount of Na4P20.: 1, none; 2, 0,1 p.p.m.; 3, 0.3 p.p.m.; 4, 0.45 
p.p.m.; 5, 0.6 p.p.m.; 6, 0.75 p.i).m. 
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Fig. 6. Calcium carbonate precipitates from the system Ca(nC 03)2 NaH 2 P 04 - 
NHa. Amount of NaH 2 P 04 : 1, none; 2, 0.3 p.p.m.; 3, 0.9 p.p.m.; 4, 1.2 p.p.m.; 5, 
2.0 p.p.m. 
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Fig. 7. Calcium carbonate jirccipitates from the system Ca(HC()^) 2 -^'al*t)» 
(crystalline)-NH 3 . .\mount of NaPOa (crystalline): 1, none; 2, 0.5 p.p.m.; 3, 1 0 
p.p.m.; 4, 1.5 p.p.m.; 5, 4.0 p.p.m.; 6, 10 p.p.m. 
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Calcium carbonate precipitates from the system ("a(H(X) 3 ) 2 ’NaPOa 
{crystalline)-^liz (ffee figure 7) 

The crystalline sodium mi'taphosphate, sometimes referred to as “soluble 
trisodium metaphosphate,” had been prepared by slow crystallization 
of the m(‘lt at 45()°C\ Analytical determination of calcium in the i)i*e- 
cipitates had shown that this salt is ineffective as an inhibitor of calcium 



Fig. 8. Calcium carbonate precipitates from the system Ca(HC 03 ) 2 -NaP 0.3 
(crystalline) in 2 N KOH-NH 3 . Amount of NaPOa (crystalline): 1, none; 2, 0.5 
p.p m.; 3, 1.0 p.p.m.; 4, 1.5 p.p.m. 

carbonate jirecipitation. P'igure 7 confirms this finding, since there is 
neither a distortion of tlie crystals nor an afipreciable change in size up to 
the relativity high concentration of 10 p.p.m. 

Calcium carbonate precipitates from the system Ca(HCX) 3 ) 2 -NaP 03 
{crystalline) in KOH-NHs 

The ex{)eriments illustrated in figures 7 and 8 were suggested by Rosen- 
stenn (15), who writes: “Our (experiments have shown that this (soluble, 
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crystalliruO trimetaphosphate is ineffective^ as an inhibitor of calciuiri 
carbonate preei]iitation but becomes just as effeictive as the liexameta- 
p}iosp}iat(‘ if it is first dissolved in dilute potassium hydroxide solution.’’ 
In the present instance' the (uystalline metaphosphate', be*lorc be'iiif? added 
to the' calcium bic'arbonate solution was made alkaline to the' e'xtent e)f 
2 with pe)tassium hydroxide. 



o O 
'' O r, 

Fi(!. 9. (\‘ilciuni carbonnte* precipitates from the syste'in ('a(HC 03 )?-(XaP 03)6 m 
2 N KOII-NH 3 after 4 hr. .\inoiint of (NaP 03 )e: I, none, 2, 0.3 p.p.m., 3, O.C) p.p.m. 

The })he)tomicrographs show that in the' piusenee of i)otassium hyeiroxide 
the eharacteristie^ e*rystal abnormalilie's manife'st Iht'mse'lvt's. At a eem- 
centratieni e)f the metaphosphate as low as 0.5 p.p.m., the normal calcite 
rhombs are entirely absenit, and in their places we again find fewer, larger, 
anel grossly distorte'd crystals. The size reacheel a maximum at 1.0 p.]).m., 
and beyemd 1.5 p.ji.m. no pre'cipitate whatever was formc'd. Tlu'se results 
sugge\st that the potassium hydroxide may have acte'd to convert the 
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crystalline metaphosphate into the hcxa-modification or to some active 
intermediate form. 

The question now arises: Would potassium hydroxide affect the in¬ 
hibiting efficiency of the hexamotaphosphate? The results of a similar 
experiment to prove this point are shown in figure 9. 

Calcium carbonate precipUates from the system C'a(HC 03)2 -(NaP 03)6 

fn^iVKOH NH3 

It appears that the base actually increased the efficiency of the hexa- 
mctaphosphate (see figure 9). This result is the more striking because 
the high alkalinity would increase the concentration of carbonate ions 
and thus favor precipitation. The crystals show the same t(mdency to 
become distorted. The threshold conc'entration was found to be 0.8 
p.p.m., as (jompared with 1.2 p.p.m. without the potassium hydroxide. 
It is possible that the base in some manner affects the polymerization of 
the hexametaphosphate to produce a more reactivci phosphate. 

Calcium carbonate precipitates from the system Ca(HCX) 3)2 NaCl-NHs 

{see figure 10) 

Although as a rule calcium carbonate is more soluble in solutions of 
neutral salts than it is in pure water, it was expected that the (‘xtent of 
precipitation would be decreased, ev(‘n in the absence of metaphosphate. 
The effect of a salt such as sodium chloride on the crystal habit is not 
readily predictable, although Marc and Wenk (12) found that sodium 
chloride and other simple neutral salts have a marked effect upon the 
formation of alum crystals from their saturated solutions. In the present 
experiment, where the sodium chloride concentration was carri('d through 
an extended range from 0 to about 12,000 p.p.m. (0.2 N), th(u*(‘ is only a 
slight increase in the sizii of the crystals, while at tin* same tinu* a progres¬ 
sive replacement of the calcite rhombs by the* dumbbell-sha])ed aragonite 
crystals occurs. It is evident, therefore, that inhibition of the tyi)e which 
characterizes the metaphosphates does not occur even in the presence of 
high concentrations of the ordinary neutral salts. It is merely a change, 
from one allotropic; modification to another, probably due in part to a 
change in the activity of the ions involved in tlu* precipitation. 

X-RAY POWDER SPECTROGRAMS OF VARIOUS CARBONATES 

The foregoing experiments raised the (piestion as to whether tlu^ dis¬ 
torted crystals represented a fundamentally different crystal modification 
of calcium carbonate when precipitated in the presence of metaphosphatc. 
To obtain evidence on this point, x-ray powder spectrograms of the pre¬ 
cipitates, prepared in the presence as well as absence of metaphosphate, 
were obtained and these in turn were (compared with the patterns yielded 
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by pure calcite and aragonite. The spectrograms were found in all cases 
to be identical with that of calcite. Thus, although the metaphosphate 
causes considerable distortion of the crystals, so that they exhibit no 
external signs of a definite structure, they are, nevertheless, true calcite. 
In natural waters, where magnesium may be present in considerable 
amounts, there is a tendency for magnesium carbonate to precipitate out 
also; under those conditions calcium carbonate often precipitates in the 
form of aragonite. 

RATIO OF CALCIUM TO PHOSPHORUS IN THE CALCIUM CARBONATE 

PRECIPITATES 

The foregoing photomicrographic studies have shown that the inhibitory 
effect of metaphosphates consists in part of a retardation of the crystalliza¬ 
tion of calcite, and, in addition, an extensive derangement of the normal 
growth of the crystal lattice. It seems necessary to assume that the 
metaphosphate has in some manner entered the lattice or has been ad¬ 
sorbed on the surface of the crystal. The latter view has been taken 
by Rosenstein (15) and by Hatch and Rice (7). It seemed of considerable 
interest to determine the order of magnitude of the ratio of Ca:P, and to 
ascertain how it changes as the metaphosphate concentration is iiuTeased. 
Wliile the x-ray diffraction method indicates the natures of the crystals 
which were formed, it does not offer an answer to the question as to a 
possible combination of the metaphosphatc with the calcium carbonate. 

To secure quantitative evidence on this point, four sets of precipitation 
mixtures were prepared, each set consisting of eight mixtures in which the 
concentration of metaphosphate was varied from 0 to 1.5 p.p.m. The 
concentration of calcium was 50 p.p.m., of bicarbonate 150 p.p.m., and 
of ammonia 567 p.p.m. These concentrations were the same in all of 
the mixtures, and the total volume was kept constant at 400 cc. The four 
series of mixtures were allowed to stand 3, 21, 76, and 420 hr., respectively. 
At the end of these time intervals, the precipitates were filtered off, dis¬ 
solved in hydrochloric acid, and warmed on the water bath for 10 hr. to 
hydrate the meta- to the ortho-phosphate. The solutions were then 
analyzed for calcium and phosphate, respectively. The results an^ shown 
graphically in figures 11, 12, and 13. 

Figure 11 shows the amounts of calcium pre(;ipitatod as a function of 
metaphosphate concentration and of time of standing. It will be seen 
that the curves so obtained correspond closely to those of figure 4 of the 
preceding paper (14). 

Two significant relationships are evident from figure 12. First, the 
amount of phosphorus associated with the precipitated calcium carbonate 
increases with the concentration of metaphosphate up to a maximum 
which in all cases occurs at or near a concentration of 0.6 p.p.m., beyond 
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wMch piwt the c^es show a sharp drop. Below this concentration 
the curves have the characteristics of a t}rpical adsorption isotherm. Ap¬ 
parently the metaphosphate is adsorbed by the precipitate in increasing 
amounts until this limiting concentration is reached, beyond which the 
amount adsorbed decreases. This decrease beyond the maximum is 
merely incidental, since the amount of precipitate that separates out 
decreases with increasing metaphosphate concentration. The amount 
of cfdcium precipitated decreases more rapidly than the amount of phos¬ 
phate adsorbed increases, hence the molecular ratio of the two constituents 
decreases rapidly up to the metaphosphate concentration of 0.6 p.p.m. 




Fm. 11. Calcium content of calcium carbonate precipitates 
Fig. 12. Phosphorus content of calcium carbonate precipitates 


Another point of interest shown by figure 12 is the phenomenal increase 
in the amount of phosphorus adsorbed as the time of standing is increased. 
This is the more striking in view of the photomicrographic evidence, 
which indicated that, as the time of standing was increased, the number 
of extraordinarily large particles as well as their size increased at the ex¬ 
pense of the emaller ones. Such a process should result in a markedly 
Creased surface and hence decreased adsorption. 

In figure 13 the atomic ratios of calcium to phosphorus are plotted 
against the metaphosphate concentration. The ratio decreases sharply 
and tends to level out to a constant value beyond a metf^hosphate con- 




570 


T. F. BtJEHEER AND E. F. REITEMEII® ’ 


centration of 0.6 p.p.m. Because of the inherent limitations of the semi¬ 
micro analytical method used, the curves do not converge to, or become 
precisely superimposable at, a particular value of the ratio. There is no 
apparent trend, however, since the points lie above and below a mean 
value of the ratio, which at the ^‘threshold inhibition value’’ of 1.0 p.p.m. 
was about 320. The deviations of the curves from this limiting value 
are within limits of error of the analytical methods. 

The magnitude of this ratio, in spite of its apparent constancy, does 
not justify the conclusion that a definite compound is formed between 
the metaphosphate and calcium carbonate. The phenomenon rather 
indicates adsorption on the surfaces of the calcium carbonate particles, 
which in turn is responsible for the subsequent abnormal growth of the 



Fig. 13. Mold ratio of calcium to phosphorus in calcium carbonate precipitates 

crystal. The constancy of the ratio, which is remarkable in view of the 
extended period of time through which the experiment was carried, is 
probably to some extent fortuitous. The experiments do show, however, 
that the effect of the metaphosphate is not altogether an indirect one, 
as, for example, by affecting the activity of the reacting components in 
some manner, but a direct effect upon the calcium carbonate precipitate 
itself at the time of its formation. 

DISCUSSION 

The evidence presented in the preceding paper (14), as well as in the 
experiments just described, makes it possible to deduce a tentative mecha¬ 
nism for the inhibition process. It has been shown that the inhibition 
may be either partial or complete, depending upon the metaphosphate 
concentration. When the latter exceeds considerably the ‘^threshold” 
concentration, there is a relatively permanent postponement of the pre- 
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cipitation. Such an inhibition as well as complete prevention of pre¬ 
cipitation takes place in the solution phase, notwithstanding the high 
degree of alkalinity on account of the free ammonia, together with a suf¬ 
ficient concentration of calcium and bicarbonate ions to favor precipitation. 
Such behavior cannot be justifiably attributed to complex formation 
between calcium and metaphosphate, in view of the extraordinarily small 
formula-weight ratio of metaphosphate to calcium, namely, 1:1000. This 
conclusion is also consistent with the fact that under such conditions the 
calcium is almost quantitatively titratable with soap solution. For 
the complete softening of boiler-feed water, on the other hand, Hall (6) 
finds that the corresponding CaiNaPOa ratio must be at least 1:4 at 
pH 8.5 and 1:7 at pH 10. He attributes the softening action to the forma¬ 
tion of a complex, the composition of which apparently varies with the 
pH value. 

Since in the present case complex formation occurs to a negligible extent, 
we must conclude that the action is largely an indirect one, involving 
either a stable electrostatic attraction between calcium and metaphosphate 
ion or a marked decrease in the activity of calcium ion due to the presence 
of the metaphosphate. 

Whatever the effect of the metaphosphate may be upon calcium ion 
in completely preventing precipitation of calcium carbonate, the experi¬ 
mental evidence regarding its inhibiting effect within the range of the 
threshold concentration of 1 p.p.m. points definitely to an interference 
in the growth of the calcium carbonate crystals. It was found that under 
these conditions the growth of the crystals was greatly retarded and the 
crystals formed were fewer in number, larger in size, and more or less 
distorted. The rate of deposition of the carbonate is approximately 
inversely proportional to the metaphosphate concentration. 

It is generally conceded that the formation of crystal nuclei and the 
subsequent growth of the crystal are entirely distinct phenomena. While 
certain investigators have been inclined to consider the effect of the meta¬ 
phosphate to be one of stabilizing a supersaturated solution of calcium 
carbonate and thus preventing precipitation, the very fact that crystals 
do form argues against such a possibility. It was found, moreover, on 
the basis of ultramicroscopic observations that calcium carbonate does 
not exist in colloidal dispersion, or, if it does, its existence in that state 
is very transitory. Hence we are led to the conclusion that the meta¬ 
phosphate does not interfere with the normally rapid’transition from 
nuclear through colloidal to macroscopic dimensions, but that it retards 
the subsequent growth of the crystals. 

The experimental evidence indicates fairly definitely what occurs during 
this retarded process of crystal growth. First, it is found by analysis that 
the metaphosphate actually enters the lattice or is adsorbed on the surfaces 
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of the crystals. The greatest amount of phosphorus was foimd in those 
crystals which exhibited the greatest degree of distortion. Secondly, the 
abnormal growths usually make their appearance on the faces and apices 
of the normal calcite rhombs first formed. This fin ding is in accord with 
the view of Pauling (13), who states that such an effect will usually mani¬ 
fest itself first at the apices of a crystal lattice, which are the points of 
greatest instability and reactivity. Evidently the metaphosphate is ad¬ 
sorbed by the crystals and thereafter the normal process of crystal growth 
is deranged. 

Similar abnormalities in the process of crystallization as well as in the 
form of the crystal obtained have been encountered by other workers. 
Marc and Wenk (12) were among the first to observe the effect of small 
amounts of a foreign adsorbable substance in preventing the crystallization 
of potassium sulfate from its saturated solution even after long standing. 
They showed, further, that such foreign substances did not prevent crystals 
from dissolving in their own unsaturated solution. In the light of their 
findings it seems reasonable to conclude that any nuclei or submicroscopic 
crystals of calcium carbonate are readily dissolved because they have a 
higher solubility than the large crystals, and because their solubility is 
not influenced by the metaphosphate. The larger crystals thus grow at 
the expense of the small ones, but their growth is retarded and their shape 
distorted, owing to the presence of the metaphosphate. 

Keenen and France (9) explain the effect of gelatin and certain dyes on 
the rate of growth of potassium alum crystals by assuming that the foreign 
substance is adsorbed by the crystals "... in areas of different concen¬ 
tration, corresponding to the different fields of force existing at the various 
crystal faces. Those faces having alternate planes of like ions exhibit 
much greater adsorbing power than those with a checkerboard arrange¬ 
ment of positive and negative ions.” Such a mechanism may serve to 
explain the exaggerated growths from certain faces of the calcium carbonate 
crystals as shown in figure 2 (2 and 3). This behavior is also consistent 
with the nature of the “etch-figures” used by the mineralogist in deter¬ 
mining the symmetry of a crystal. In this case the action of the solvent 
begins at certain points and proceeds with greater rapidity in certain direc¬ 
tions than in others; in addition, it may produce different figures on cer¬ 
tain faces and leave others entirely unaffected. 

A strikingly similar type of abnormality in the case of calcium carbonate 
crystals was found by KohlschUtter and Egg (10, 11). They obtained 
such distorted crystals, which they called “somatoids,” in the presence of 
various colloidal sols and dye solutions. They concluded that such 
somatoid forms result from the adsorption of foreign substances present 
in solution upon the crystals of calcium carbonate during the period of 
their precipitation. 
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In the present case we have an example of derangement of crystal growth 
by reason of the adsorption of a substance which is not colloidally dis¬ 
persed but in true solution, and, furthermore, is present in an exceedingly 
small concentration. These facts, together with the observation that 
inorganic salts of other elements, similar to sodium metaphosphate, 
and other simple salts like sodium chloride, even when present at high 
concentration, are entirely without such inhibiting action, indicate that 
the action of sodium metaphosphate is highly specific. 

SUMMARY 

1. Ultramicroscopic studies have been made on solutions in which 
calcium carbonate was formed by precipitation in the presence of pro¬ 
gressively increasing concentrations of sodium hexametaphosphate. The 
results indicate conclusively that calcium carbonate does not go into 
the colloidal state nor is such a state stabilized by the presence of the 
metaphosphate. 

2. Photomicrographic studies indicate that the metaphosphate promotes 
the formation of larger, fewer, and grossly distorted crystals in place of 
the typical rhombs of calcite. It was found that the meta-, pyro- and 
ortho-phosphates possess in varying degrees this ability to hinder the 
process of crystallization, 

3. The soluble crystalline sodium metaphosphate does not possess the 
property of inhibiting the precipitation of calcium carbonate, but acquires 
it in the presence of potassium hydroxide. 

4. Neutral salts such as sodium chloride promote the transformation 
of calcite to aragonite rather than to the abnormal somatoid forms. This 
may be a simple solubility effect. 

5. X-ray powder spectrograms have shown that the distorted crystals 
obtained in the presence of these phosphates are true calcite, although 
their exterior surfaces may show complete absence of typical polyhedral 
faces. 

6. Chemical studies of the precipitates indicate that the metaphosphate 
is adsorbed by the calcium carbonate in amounts such that the Ca:P ratio 
attains a constant value of approximately 300 in the presence of meta¬ 
phosphate concentrations greater than 0,6 p.p.m., which is the concentra¬ 
tion at which the adsorption reaches a maximum. 

7. The mechanism of the inhibition process is conceived to involve 
primarily a restricted or deranged crystallization due to the adsorption 
of the metaphosphate on the crystal faces. 

The authors desire to acknowledge with thanks the assistance and en¬ 
couragement of the Shell Chemical Company, which sponsored this re¬ 
search, and the kindness of the General Electric X-Ray Corporation of 



674 


EAV CALVIN CHANDLER 


Chicago, Illinois, and of Dr. D. H. Reynolds in particular, in making the 
powder spectrograms of the various carbonate and phosphate samples 
obtained in this study. 
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The vapor of an aqueous solution under its own vapor pressure in a 
closed system approximates the behavior of an ideal gas. Such a system 
is constantly in equilibrium, capable of rapid reversible adjustments to 
variation in temperature, pressure, and concentration. A satisfactory 
static vapor pressure apparatus is very desirable for the calculation of 
thermodynamic functions in the study of solutions. Hitherto the use of 
this method has been limited by the difficulties involved in the preparation 
of experimental solutions which were sufficiently free from residual gases 
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and uniform in concentration so that measurements of high accuracy 
could be obtained. Furthermore, colloidal solutions preclude the use of 
extremes of heat or cold in freeing the solutions from gases as practiced 
in the treatment of true solutions. A study on colloidal solutions pre¬ 
sented the need for a highly sensitive vapor pressure method not limited 
by these difficulties. There is general need for such apparatus, both 
directly and as an adjunct to other methods now employed in thermody¬ 
namic studies. The possibilities of the vapor pressure method have been 
shown by Frazer and Lovelace and coworkers (1, 2, 3, 4, 5, 6) in their 
application of the Rayleigh manometer to the study of true solutions. 
The description of a new practical apparatus is herewith presented. 

DESCRIPTION 

The static vapor pressure apparatus consists essentially of a U-tube 
manometer, the upper limbs terminating in solution bulbs immersed in a 
constant-temperature bath. The lower part of the differential manom¬ 
eter contains a liquid piston which actuates a mirror suitably arranged 
to measure changes in the level of the liquid with a sensitivity correspond¬ 
ing to a change in vapor pressure of less than 10“^ mm. of mercury. A 
convenient efficient method for evacuating the system as a whole and 
then separating the two sides of the manometer into two systems com¬ 
pletes the plan of the apparatus. 

The differential manometer (figure 1), mounted in the insulated case 
(d), consists of two upright limbs of 15-mm. tubing which are expanded 
into 7-cm. tubing at the bases. It contains a liquid piston of dibutyl 
phthalate, an ester of low vapor pressure whose properties have been 
described by Hickman (7) and Hickman and Sanford (8). Its specific 
gravity was found to be 1.0422 at 25®C. The entire manometer is 
mounted in an insulated case (d) having a transparent face. The case is 
pivoted at the level of the liquid surface (q), so that the solution bulbs 
may be agitated vigorously with minimum disturbance of mirror A. 
External to the manometer case (d) the high-vacuum line contains the 
following: a flexible glass coil (j) which allows the necessary movement for 
agitation of solutions and calibration of the manometer; the mercury seal 
No. 2 (i) utilized in evacuation; and the McLeod gauge (h) for measuring 
residual gas pressure. The high vacuum then connects (n) with the dif¬ 
fusion pump. Accessory connections (e) for preliminary evacuation of 
the solution bulbs and the connection (f) to the helium tank are shown. 
The automatic control (g) of seal No. 2 is driven by the backing pump 
and provides for periodic exposure of the manometer system to high 
vacuum. Near the level of the surface of the liquid piston in the base of 
the right-hand limb of the manometer a plane glass window is sealed. 
This window and assembly (figure 2,a) consist of the plane window (a®) 
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and a semicircular glass shield (a^) supporting a mirror (aO and bulb 
(a^). The bulb rests upon the surface of the liquid piston and actuates 
the mirror (a*), hereafter called mirror A. A second one, mirror B, is 
fixed stationary in the manometer case (figure 4) in such way that it, 
too, reflects illuminated scale No. 1 side by side with its reflection from 
mirror A, as seen by the observer. The reading of mirror A indicates the 
change of level of the liquid piston, while mirror B enables one to set 



Fig. 1. Vapor pressure apparatus, a, detail of window and mounting of mirror; 
a*, mirror; a*, bulb; a*, window; a^ shield; b, solution bulbs; c, seal No. 1; d, ma¬ 
nometer case; e, outside connections; f, to helium tank; g^ automatic seal control; 
h, McLeod gauge; i, seal No. 2; j, flexible glass coil; k, levelling screws; 1, supporting 
base of manometer case; m, to atmosphere; n, to high vacuum; o, to house vacuum; 
p, flexible rubber tubing; q, pivot point. 

the manometer accurately in position for readings. Reference to figures 
1, 2, 3, and 4 shows the relationships between the parts described. 

Since long-continued evacuation is necessary, the usual freezing-out 
trap is omitted from the system. The presence of mercury vapor requires 
a special mirror for which optically plane, aluminum-faced mirrors proved 
satisfactory. 

The removal of dissolved gas^ from all parts of the system, including 
the liquid piston as well as the experimental solutions, and the mainte¬ 
nance of uniform concentration throughout the solutions present diffi- 
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culties inherent in the static method. A preliminary evacuation of the 
apparatus for 3 weeks or more may be necessary and must be continued 
until no pressure develops in the apparatus when the highly evacuated 
systems are separated by closing seal No. 1. 

When experimental solutions were to be introduced, the non-polar gas 
helium was admitted into the system momentarily. During evacuation 
the solutions were agitated by rocking the pivoted manometer case by 
motor-driven apparatus. Frazer, Lovelace, and Taylor (6) described a 
“rapid expansion” method for the final removal of gases from boiled 
true solutions. In dealing with natural or artificial colloidal solutions 
extremes of temperature must be avoided. The effective removal of 
residual gases at ordinary temperatures was facilitated by use of an auto- 



Fig. 2. Detail of window and mounting supporting mirror A. a, assembly of 
parts; aS mirror A; a*, bulb actuating mirror; a', window; a*, shield. 

matic control of seal No. 2, which greatly improved the method and 
rate for attaining equilibrium between liquid and vapor phase. 

Further improvement in technique was introduced by use of gas-free 
solutes, such as fused potassium chloride, in small tubes which were evacu¬ 
ated and sealed with mercury while hot. These gas-free solute charges 
may be suspended inside the system above the solutions and introduced 
when desired. Two or more concentrations may thus be studied by one 
evacuation. The tendency of the mirror to become clouded by dibutyl 
phthalate when no experimental solutions are present may be prevented 
by use of a small cooling coil about the dibutyl phthalate on the mirror 
side of the manometer. 

An extra set of bulbs wid outside connections (e) to the vacuum system 
permit a preliminary evacuation of solutions. At the beginning of an 
experiment an atmosphere of helium is admitted to the system (at f). 
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the solution bulbs and solute charges quickly transfeired to the manom¬ 
eter, and the ground-glass joints sealed with picein wax. The solutions 
are kept near O^C. and continuously a^tated while evacuation proceeds. 
After 1 or 2 hr. direct evacuation the automatic valve control (g) of seal 
No. 2, driven by the backing pump of the high-vacuum system, opens 
this valve every 4 min. for a few seconds, permitting a rapid expansion 
of the gases evolved from the experimental solutions periodically into the 
outer part of the system, which is directly connected to the vacuum 
pump continuously. Preliminary readings may be made in 36 hr.; 
accurate readings require a week. With the solutions at 0®C. the water 
loss amounts to about 15 g. per bulb before the removal of residual gases 
is sufiRciently complete. The progress of evacuation must be carefully 
followed by use of the McLeod gauge. 

When the residual gas pressure (i^) has been reduced to approximately 
2 X 10~‘ mm. of mercury, does not accumulate to exceed 10~* mm. after 
4 hr. agitation, and the temperature has been constant to 0.001 ®C. for 
36 hr., readings may be obtained as follows: With seal No. 1 open and 
the vacuum system operating at maximum efficiency, the manometer is 
opened to the vacuum system by means of the automatic seal No. 2 
briefly until the desired residual gas pressure is attained. Then seal No. 1 
is closed and the solutions agitated for 90 min. The manometer is then 
fixed firmly and its position noted by mirror B. After 10 min., readings 
may be made from mirror A as often as desired over a period of an hour 
or more. A constant set of readings indicates a stable equilibrium, 
which is the “pressure reading”. Seal No. 1 is then opened, and after a 
few minutes a series of constant readings indicates the “zero reading” or 
null point. The vapor pressure reading may be calculated as indicated 
below. 


CALIBBATION 

The manometer is calibrated by measuring the change in level of the 
liquid supporting the bulb which actuates mirror A as the manometer is 
rotated abjput the point of rest on the left-hand levelling screws. The 
vertical plane of the manometer may be maintained in its place by aid 
of mirror B. The flow of the liquid, as the manometer is rotated, changes 
the angle of mirror A and the reading of scale No. 1 in mirror A (by a 
telescope, figure 3). Simultaneously this angular rotation of the manom¬ 
eter is measured by using the entire length of the manometer case as a 
long lever (figure 4) to actuate mirror C, which has a short lever and is 
supported by a fixed fulcrum. The Ligular rotation of mirror C is meas¬ 
ured by illuminated scale No. 2, which is read by a telescope trained on 
mirror C. 
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Seal* 

#1 



Fig. 3. Side view of manometer showing relative positions of manometer, scale 
No. 1, mirror A, mirror B, and solution bulbs. 


Se*i« #2 

4 


Manomttcr 



1014 


11420 


Fio. 4. Front view of manometer case showing relative positions of manometer 
case, mirrors A, B, and C, and illuminated scale No. 2. 


Figure 4 illustrates the readings for three points on scale No. 2. For 
any angle measured on scale No. 2 the change in level of the liquid piston 
may be measured by the angle ebc' (figure 5), which is also equal to 
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angle 0i, the angular rotation of the manometer. For the small angles 
involved 


tan cbc' = sin cbc' 


length short lever . , 

= i -i-X tan 

length long lever 

from which the value y for the change in level may be calculated. By 
plotting the curve for a number of points the equation for the circle upon 



Fig. 5. Diagram showing effect of rotation of mlinometer about point D upon the 
reading of scale No. 1 and the change in liquid level. A and C, midpoints in ma¬ 
nometer limbs at surface of liquid piston; B, midpoint between points A and C; a'be', 
position of ABC after rotation if flow did not occur; abc, position of ABC after rota¬ 
tion due to gravity; Fc', change in position of mirror A; ec', change in level of liquid 
piston. 

which all points {x, y) lie may be determined and scale values tabulated. 
An equal and opposite change occurs in the other limb of the manometer, 
and the data obtfuned, when dibutyl phthalate with a density of 1.0422 
at 26®C. is used, may be transformed into millimeters (rf mercury by the 
factor 


2 X 1.0422 


13.6955 


0.1533 
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A check on the apparatus may be made by comparison with data ob¬ 
tained by others. Potassium chloride solutions indicated vapor pressure 
depressions 0.6 per cent greater than those reported by Frazer, Lovelace, 
and Sease (6). Further test of the equational curve was made by meas¬ 
urements of the vapor pressure lowering of the same potassium chloride 
solution at opposite ends of scale No. 1 (see table 1). 

TABLE 1 


Vapor pressure measurement at different portions of scale No. 1 on the same potassium 

chloride solution 


UPPER HALF OF SCALE 

LOWER HALF OF SCALE 

mm. Hg 

mm. Hg 

0.061S 

0.0605 

0.0617 

0.0615 

0.06U 

0.0605 

0.0616? 

0.0597 

0.0610 

0.0625 

0.0617 

0.0630 

0.0614 

0.0615 



Fig. 6 . Detail of bath and thermoregulator 


TEMPERATURE CONTROL 

The bath is controlled by an all-glass mercury-toluene regulator, as 
illustrated in figure 6. A gentle vibrator attached to it prevents the 
sticking of mercury in the capillary, and no visible change can be ob¬ 
served in Beckmann readings at 20®C. Uniformity of temperature change 
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TABLE 2 

Vapor preBsure lowering of potoBBium chloride solutions at 

COmXCtTTlVB SCALa BBADXNOB ON KALB NO. 1 IN MILLXMBTBBS 


(a) Solutions agitated 3 hr.; then read each minute 

(b) Solutions agitated 1.5 hr.; then read after 8 hr. 

1828 

1800 

1790 i 

1868 

1857 

1822 

1798 

1790 

1858 

1858 

1821 

1794 

1790 

1856 

1858 

1819 

1794 

1790 

1858 

1858 

1818 

1794 ! 

1790 

1858 

1858 

1814 

1792 

1790 

1858 

1859 

1810 

1791 

1792 

1857 

1858 

1810 

1790 

1790 

1857 

1857 

1808 

1790 

1790 

1857 

1857 

1808 

1790 

1790 

1 1857 

1 1858 

1808 

1790 

1790 

1857 

1858 

1805 

1790 

1790 

1856 

1857 

1802 

1790 

1790 

1856 

1858 

1802 

1790 

1790 

1856 

1858 

1802 

1790 

1790 

1857 

1 1858 

1800 

1788 

1790 

1867 


1800 

1788 

1790 



1800 

1788 




ya 

« 1790 =» 

0.8686 

Vi « 1868 « 0.8940 

yi (zero) = 850 ~ 

0.4678 

yi (zero) » 

899 « 0.4912 



0.4007 


0.4028 

0.4007 X 0.1633 - 0.0614 mm. Hg 

0.4028 X 0.1533 « 0.0617 mm. Hg 


TABLE 3 

Data on a gelatin solution 

Solution agitated 125 min.; time of readings of scale No. 1 in minutes as indicated 
by figures in parentheses; gelatin solution in right-hand bulb and 
distilled water in left-hand bulb 


CONBaCUTKYB BBADZNQS OK KALB NO. 1 XN MILLI1IBTBB8 


1040 

1029 

1030 

1027 

1029 

1029 

(10) 1033 

1030 

1029 

1028 

1027 

1030 

(20) 1029 

1030 

1029 

1028 

1027 

1030 

(30) 1029 

1030 

1028 

1028 

1027 

1029 

1029 

1029 

1027 

1029 

1028 

1029 

1029 

1030 

1027 

1028 

1028 

(65) 1029 


y, » 1048 « 0.6603 

yi (zero) - 1029 * 0.6619 

0.0084 X 0.1633 - 0.0013 mm. Hg 


in the two bulbs as well as constancy of temperature must be considered. 
Thase are accomplished by efficient stirring and circulation of the water 
and proximity of the bulbs to each other. With care, errors due to tern- 
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perature changes may be kept within the sensitivity of the instrument. 
The base of the manometer was maintained at 25®C. ± 0.1°. 

VAPOR PRESSURE TECHNIQUE 

When the proper degree of evacuation and temperature control have 
been attained, the essential features for securing equilibrium measure¬ 
ments were, first, thorough agitation of the solutions, which hastens equi¬ 
librium between liquid and vapor phases and, secondly, time for read¬ 
justment of liquid surfaces following agitation. 

Data were obtained in the following manner: When the proper degree of 
evacuation had been secured (2 X 10^ mm. residual gas pressure), the 
two systems were separated by seal No. 1 and agitated for 90 min., then 
set in a fixed position (by aid of mirror B) and observed at intervals of 
1 min. for a suitable length of time, about 90 min. Inspection of the data 
showed that equilibrium was reached in about 30 min. following agitation. 
When a series of readings remained constant, showing that no interfering 
conditions disturbed the equilibrium, the pressure reading and the sub¬ 
sequent zero reading or null point reading could be made. The perma¬ 
nence of the equilibria was tested at times for longer periods (see readings 
below). Table 2 gives representative data for the vapor pressure lower¬ 
ing of a potassium chloride solution at 20°C. 

The usefulness of the apparatus in measuring very small depressions 
may be illustrated by the data on a 3.6 per cent gelatin solution, given 
in table 3. 

In the foregoing examples consecutive scale readings (millimeters on 
scale No. 1) are given. Values for the equilibrium pressure (^ 2 ) and the 
null point (yi) are calculated from the equation. 

These representative measurements have been selected from a large 
number made during the progress of experimental work and illustrate 
the usefulness of the instrument for a wide range of application where 
vapor pressure measurements are desirable. 
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The possibility of determining particle size or particle size distribution 
in colloidal systems must today be considered a problem of utmost im¬ 
portance to the colloid chemist. Desirable as this information is, its 
attainment is in many cases only approximated, unless highly involved 
or costly methods are employed. This paper outlines a method whereby 
it is believed that particle size determinations of colloidal systems can be 
simply and accurately obtained. 

First let us briefly examine the limitations of the most outstanding 
methods now in use. A simple convenient optical method is the direct 
count of reflection disks in the slit ultramieroscope. From this number 
and the specific gravity and concentration of the substance in suspension, 
it is a simple matter to evaluate the size of the particles. The method is 
strictly accurate only as long as monodisperse systems are being ex¬ 
amined, and even then only a well-trained observer will be able to obtain 
reliable results. These limitations rule out exact determinations in most 
colloidal systems, which rarely are monodisperse. 

Methods involving kinetics and mechanics such as measurements of 
sedimentation rates when applied to colloidal systems are vitiated by 
Brownian movement and adhesion effects. Also, unless gravity is re¬ 
placed by forces of higher magnitude they are extremely time-consuming. 
The Svedberg (6) and his collaborators were the first to apply Oden’s work 
on sedimentation in an extremely strong centrifugal field. McBain (4), 
Beams (1), and others have also contributed much in this direction. These 
ultracentrifugal methods possess a high degree of accuracy and are valu¬ 
able for many pur|X)ses. However, machines of the Svedberg type are 
expensive both in initial cost and in operation and are, therefore, availabh^ 
only to a few laboratories in the entire world. McBain's ultracentrifuges 
of the spinning-top type (opaque as well as transparent) are reasonably 
priced and simple to operate. However, they too are of extremely small 
capacity and do not permit a more or less continuous production of reason¬ 
able quantities of individual fractions. 

Lenoir (3) extended Svedberg's principles to apply to the supercentri- 

^ Presented before the Division of Colloid Chemistry at the Ninety-eighth Meet¬ 
ing of the American Chemical Society, held in Boston, Massachusetts, Beptember, 
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fuge manufactured by The Sharpies Corporation of Philadelphia, Pennsyl¬ 
vania. Hauser and Reed (2), continuing this work, systematically 
developed a method of obtaining particle size distribution by the use of 
the supercentrifuge. This method overcame the limitations of avail¬ 
ability and cost of equipment and permitted particle size determinations 
to be performed simultaneously with a reasonable degree of fractionation. 
The mathematics of this method, however, still are tedious and extremely 
involved. 

Because the factors of availability, price, and continuous fractionation 
even in highly colloidal systems are of such importance, it was felt that a 
method of particle size determination, by moans of the supercentrifuge, 
which presented no n^al mathematical difficulties nor time-consuming 
operations would be of real value. 

THEORY UNDERLYING USE OF THE SUPERCENTRIFUGE 

Although it is well known that few colloidal systems consist of spherical 
particles, mathematical evaluation taking account of shape is as yet 
beyond our abilities. To permit evaluation of all systems the standard 
of an “eeiiiivalent spherical diameter’^ (e.s.d.) was set up. The e.s.d. 
of a particle is an arbitrary dimension equal to the diameter of a sphere 
which sediments at the same rate as the particle under consideration. 
This convention permits solution of the mathematical problems and gives 
relative values as long as due cognizance of morphological considerations is 
taken. 

Prior to a mathematical analysis of the problem, a logi(ial analysis 
should be of value in outlining the variables to be encountered. Since 
the parcicles in suspension generally are denser than the dispersion me¬ 
dium they will settle towards the walls of the centrifuge bowl under the 
influence of the centrifugal force. The three major controlling factors 
for any sedimentation are the density difference between the disperse 
and continuous parts of the system, the magnitude of the gravitational or 
centrifugal force applied, and the kind and magnitude of any other forces 
applied. (Hauser and Reed, applying Stokes^ law for falling bodies and 
Newton^s law for viscous flow have already solved the problem involving 
these factors in the sedimentation equation.) In addition, large particles 
will be thrown out on the liner sooner than would small particles, and, 
consequently, the large particles will settle at the bottom of the bowl and 
the small ones at the top. 

Turning from general considerations to a closer examination of a par¬ 
ticle as it passes through the bowl, it is apparent that the path must 
completely described by two velocity vectors of the particle, one parallel 
to and one perpendicular to the axis of rotation of the bowl. Also, if 
external conditions such as type and rate of feed, temperature, angular 
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velocity, etc., are maintained constant, the pdnt at which a particle hits 
the wall will be a function of the point of departure and the sise of the par¬ 
ticle. Coming back to a mathematical viewpoint, Y = f(D, Xo), where 
Y is the distance up from the bottom of the bowl at which the particle 
settles, D is the equivalent spherical diameter of the particle, and Xo is 
the distance from the axis of rotation at which sedimentation started 
(figure 1). 



Fia. 1. Path of particles in the bowl of a Sharpies supercentrifuge 
THE EVALUATION OF D AS A FUNCTION OF X AND Y 

As a result of previous work done on a similar centrifuge, the assump¬ 
tion can be made that streamline fiow is in effect with the streamlines par¬ 
allel to the axis of rotation. Obviously there are some slight errors in that 
assumption, owing to end effects at the bottom and top of the bowl. 
The possibility of turbulent fiow at the very bottom of the bowl, due to 
the speed of input through the small entrance nozzle, is eliminated by 
taking the entrance plane a small distance above the nozzle. This seems 
permissible because the turbulent region is probably confined to the space 
in which the straightening vanes act. 

If the suspensions used throughout all the work on the centrifuge are 
sufficiently ^ute so that they can be considered truly viscous fluids 
obejring Newton’s law of viscous flow, we obtain, by following the deriva¬ 
tion of the velocity equation as given by Lamb, an equation for the 
vdocity of any streamline pwraUd to the axis of rotation. By the deriva- 
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tion of 0d6n, using Stokes' law for falling bodies, an equation for the 
velocity component perpendicular to the axis of rotation is obtained. Now, 
the two velocity components can be combined to find Z) as a function of 
Xo and Y. 


dY 

dX 


dF 

d< 

dX' 

dt 


Qmin. K 


_ 60 ir (Rl 


- Rl) Ri 


+ 


co^XD^Ap 



18 fi 


( 1 ) 


At constant values of Qmin.,)?, Ap, and w and integrating between the limits 
X = Xof F = 0 and X = R 2 , F = F the desired equation is obtained. 


ISljQmin. K 

QOir(Rf^Ri)lfA^’‘ 



+ 


RlRi 


ln-^‘ + 



where F = the distance from the bottom of the bowl at which the 
particle strikes, 

X = the distance from the axis of rotation at which the particle 
starts, 

D = the equivalent spherical diameter of the particle, 

iC = a constant, depending on the dimensions of the bowl 
(1.109), 

ri = the viscosity of the dispersion fluid in poises, 

Qmin. = the rate of flow of the suspension in cubic centimeters 
per minute, 

Ap == the difference in density between the disperse and the 
continuous phases, 

Rl 5= the distance of the overflow weir from the axis of rotation 
in centimeters, 

R 2 = the radius of the bowl less that of the liner in centimeters, 

t = time, 

Xo = the distance from the axis of rotation at which the par¬ 
ticle starts, and 

to = the angular velocity of the bowl in radians per second. 

While the above equation fulfills the task of obtaining F as a function of 
Xo and D, simple determinations of particle size are still impossible, 
since the equation is implicit in Xo and therefore has no exact solution. 


DEVELOPMENT OP THE FINAL EQUATION 

If the conditions be imposed that the system under consideration be 
well defined (particle sizes covering but a small range) and that passage 
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through the centrifuge be at an appropriate rate, the atignment of par¬ 
ticles will approach a continuous distribution from large particles at low 
values of Y to small particles at high values of Y. Thus, contrary to the 
first assmnptions, at a given point on the bowl there is essentially but one 
particle size or, conversely, a particle at a given value of Y could have 
started only from a unique value of Xo. Hence the further limitations 
have permitted the elimination of /> as an independent variable, so that 
y = /(Xo) holds with but negligible error. In the transformation of 
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Fig. 2. Plot of C against Y 

Fio. 3. Showing the paths of the various particles in the bowl and the relationship 

between Xo and Y 


equation 2 to the form Y = /(Xo) it is important to note that Qmia. must 
be proportional to D®, a fact which is of considerable value in the frac¬ 
tionation procedure. 

Justification of this new equation is found in the work of Reed (5). 
He found that the slope of the cumulative weight per cent curve was 
directly proportional to the square of the diameter of the particle and 
invNRely proportional to the rate of flow of the suspension. Furthermore, 
if the fractionation is carried out so as to conform to the limitations ira- 
jKwed,—a well-defined range of particles and uniformity of the material 
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sedimented on the liner,— the slope of this curve is constant. Therefore, 
we have 


a being a constant. 


Qmin. = clD^ 


(3) 



Fig. 4. Circular slide rule for solving the equations C * MD*Y or D =« VCIMY 


Since A^'o depends only on T, the quantity in brackets of equation 2 
can be assigned numerical values for all values of Y. This quantity has 
been called C and a plot of C versus Y made (figure 2). Figure 3 has been 
constructed to show the paths of the various particles in the bowl and the 
relationship between Xo and F. 

Calling the product of all the other constants in equation 2 1/M (modu¬ 
lus of sedimentation), a final simple equation is reached: , 


Y = C/MD^ 


( 4 ) 
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or, since D is what is desired, 

D « VC/MY ( 6 ) 

To facilitate the solution of this equation, an alignment chart in the 
form of a circular slide rule has been constructed (figure 4), with the aid 
of which particle sizes can be calculated in a few minutes by anyone. 

SAMPLE CALCULATIONS 

To illustrate the method the particle size of a fraction from a bentonite 
suspension will be calculated. Data on the fractionation are as follows: 
temperature of suspension = 72®F.; 17 = 0.00953 poise; o) = 51,500 
R.p.M. = 5390 radians per second; density of bentonite = 2.78; Ap = 
1.78 g. per cubic centimeter; Qmin. = 41.75 cc. per minute. 

(A) The first step is to calculate M, the modulus of sedimentation for 
the run. 

_ 46W10’'" _ 46 X 5390' X 1.78 X 10“'' 
lyQmin. 0.00953 x“4i:75 ” 

M = 0.0000597 

(B) The next step is to pick a value of Y at which we desire to obtain 
the size of the particle. F = 2 is chosen. 

(C) Picking Y fixes Xo and C. The value of C is read off the graph of 
C versus Y (figure 2 ). It is 0.072. 

(D) The slide rule is now used to find Z>. The value of C (innermost 
scale) is brought opposite the value of M (outermost scale). The pointer 
is now moved to the value of Y on the second outer scale and the value of D 
read off opposite it on the second inner scale. It is found to be 24.6 
millimicrons. To avoid mistakes in reading the slide rule it is advisable 
to have the two sets of scales on the slide rule drawn in two distinctly 
different colors. 

(E) For particle sizes of this fraction at other points the process is 
repeated, utilizing the desired values of Y. 

FRACTIONATION PROCEDURE 

Inasmuch as the derivation of the final equation was made possible only 
by a number of assumptions, it is necessary to carry out the actual ex¬ 
perimental work carefully so that all these are valid. The layer of ma¬ 
terial sedimented out must not be too thick and must be of uniform depth 
for the entire length of the liner. The suspension fed into the centrifuge 
should contain only a limited range of particle sizes. 

To secure these conditions the fractionations are carried out in two 
stages. First, a run is made under appropriate conditions of concentra¬ 
tion and rate of flow. Extreme care as to constancy of flow and speed of 
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rotation and to thickness of sedimented layer is not required in this first 
run. The bottom portion of this layer is rejected, since the first run is 
made with a polydisperse system and all the particles larger in size than 
called for by the calculation will deposit in the layer closest to the bottom 
of the bowl. The rest is redispersed and rerun. During the rerun all 
possible precautions are taken in regard to the points mentioned above. 
The very bottom portion of the sedimented layer (for example, a strip of 
1 cm. height) is again rejected, as a precautionary measure. The rest is 
divided into the requisite number of fractions. 

If the amount of suspended material is very great in the range being 
sedimented, it is advisable to rerun the effluent liquor, adding the ad¬ 
ditional sediment of that secured in the first run before going through 
with the redispersion and so forth. 

To get still finer fractions the effluent liquor is now run through the cen¬ 
trifuge at a slower rate and the above procedure repeated at this new rate 
of flow. By suitably varying rotational speed and rate of input of sus¬ 
pension any desired degree of separation can be secured and calculations 
made as to the size of the particles so obtained. 
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Douglas of the Department of Mathematics of the Massachusetts Insti¬ 
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Evidence for the existence of structural groups in liquids is provided by 
numerous investigations and was reviewed by Stewart (6), who referred 
to the phenomenon as cybotaxia and to these molecular swarms as cybotactic 
groups. The report of a more recent symposium on “Molecular Forces 
in Pure Liquids and Solutions” (6) shows general acceptance of some de¬ 
gree of orderliness in the structure of liquids although disagreement as to 
details. 

Differing views of the nature of cybotaxis range from that of Bernal 

(1) , who merely assumes statistical swarms of vaguely ordered molecules, 
to that of Irany (4), in which a liquid is considered as two separate phases, 
the one consisting of two-dimensional sheets of highly ordered molecules 
enclosing in its interstitial spaces the other phase which is completely 
disordered or gaseous. The present paper follows the approach of Frenkel 

(2) , who pictures a liquid as composed of molecules so closely spaced that 
they are never even approximately gaseous and are occasionally grouped 
into swarms approaching crystallinity. These swarms are assumed to 
possess a certain shape and rigidity, but their existence is transitory and 
their surfaces merge imperceptibly into the surrounding completely dis¬ 
organized liquid. 


THE EFFECT OF INTEBFACES 

A cybotactic group is analogous to a crystal in equilibrium with its melt. 
Its surfaces are being constantly eroded to produce disordered liquid, while 
new cybotactic groups are constantly being formed. Since there is no 
single molecule or group of molecules sufficiently distinguished in structure 
or properties, there is no unique point capable of serving as an enduring 
nucleus for cybotactic groups. If some point or region of unique properties 
is provided which can act as a permanent and permanently fixed nucleus 
or anchorage for cybotactic groups, these may become stronger and more 
persistent, approaching the orderliness and stability of crystals. Such a 
region is provided by an interface of any type, for the nature of an inter¬ 
face necessitates that the forces active there are different from those in 
the interior of either of the adjacent phases. It is, therefore, logical to 
eiqject that interfaces which offer permanent location of directed forces 
will stabilize normally fugitive cybotactic groups. 

Naturally the intrinsic stability of cybotactic groups will depend upon 
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the properticis of the liquid nioleeule.s tli(‘mselves. (/ompli'tely isotropic 
molecules, such as those in the so-called monatomic liquids, will form (*ybo- 
tactie groups of far less stability than those formed by anisotropic* rnolc*- 
cul(\s. Th(» eiHTgy requir(‘d to disp(TS(‘ cy])otactic groups may be r(»gard(‘d 
as analogous to a heat of fusion. All cybotactic groups an* subj(*ct to 
vibrational motions similar to those in crystals and this agitation may lx* 
sufficient to destroy the groujung, but when dirc'ctcnl forces an* chi(*fly 
n*sponsible for the preservation of the* group, its dispc'rsion will d(*p(*nd to 
a greater ext(*nt upon the rotational inovem(*nts of the* constituent moh*- 
cul(*s. Obviously, linear or plate-like molecules which orient in favored 
patt(*rns will have* a lowtu* rate of rotation and will mtx*t a greater frict ional 
r(\sistance than will those* of spherical form. An extreme example of the* 
sf)herical mol(*cule is provided by helium, in which the directed forces an* 
so weak that the discontinuity of its liquid-solid transformation is uncer¬ 
tain, At th(* otli(‘i' (‘Xtremc, c(‘rtain elongat(*d molecul(*s with polar grou})s 
at the ends or middle* have directive forces so strongly d(*v(*lop(‘d that they 
are able* to form a separate* phase of liepiid e*rystals. 

IJgiTID OAS INTERFACE 

While the* cybotactic groups throughout the* bulk of an ordinary liquid 
will have only a fleeting existe*nc(‘, the* cohenmt and quasi-crystalline nature* 
of liquid surface*s is fairly well established. Among the (‘ffects to be* e*x- 
p(*e'ted at liquid surface\s as a n*s\ilt of this structure an* (/) that not (*v(‘ry 
mole'cule* striking the* surfaea* from the va])or ])has(* e*e)ndense*s and f^) 
the* formation of primary ‘b'olling drops” of the* liquid upon its own siirfae*e*. 
Actually only a small frae*tion of the impinging vapor me)le*cule*s e*onde*rise*s, 

as expn*sse*d by the* *‘ace*omme)datiem e*oeffie*ient.” In an earlie*!' pa])e*r 
(3) the autheirs pre*sent(*d a table of critical heights as a m(*asure of the 
te*nde*ne*y of liquids to feirm reeling drops and showe‘d that this property, 
and hence the stability of the liquid film, is proportional to the anistre)py 
e)f the molecules concerned. By extending these* measurements te) se)lu- 
tie)ns it was demonstrated that these surface films are not e)nly ivsistant 
to rupture but have a de*finite structure, for the surface film of the* drop 
and that of the* bulk liquid must very nearly match or rolling drops ^\ill 
not form. 

As illustrate^d in figure 1 and discussed below, the stability of an air 
bubble at a liquid liquid interface is conditioned by cybotaxis in the lower 
liquid at the liquid-gas (bubble) and liquid-liquid interfaces. 

LIQUID-LIQUID INTERFACE 

The structure* of the surface at a liquid-gas interface is determined 
almost entirely by the nature of the* liepiid; tlie liquid structure at the* 
boundary between condensed phases (liquid-liquid or liepiid-seflid) d(*ptuids 
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upon both phases. At su(*h iniorfaccs the eybotaetic eonditioii will be 
more pronounced than at free surfaces. 

Expiu'iments analogous to those for rolling dro})s at free liquid surfaces 
(6) were performed at liquid licpiid interfaces, using drops of (‘ither liquid 
or bubbles of air. For (*xamj)le, water was dropped downward upon watcu- 
through lighter liquids such as benzene, keros(uie, and Niijol, and upward 
upon water tlirough the dcuiser liquids carl)on disulfide, carbon tetrachlo¬ 
ride, etc. Th(' other liquid in each pair was likewise droppc'd upward or 
downward upon its(‘lf through t he water layer. TIk' stability of air bubbles 
at both sides of each wat(U--organic liquid inl(‘rfa(‘(' was t(\st(‘d by inj('cting 
a bubble from a fine glass tube below the boundary of th(‘ bulk liipiids and 



Fig. 1. Air bubble in (a) i)enzeiie and (b) carbon tetrachloride at interfaces 
with water. 


also below this same irit(‘rface inverted liy anchoring some of the light(‘r 
liquid at tin* bottom of the vessel. When water is tb(* lighten* liquid, a 
sufficient quantity can be attacln^d din^ctly to the floor of the glass v(*ss(d 
under the organic liquid (e.g., carbon tetrachloride*); wh(‘n the organic 
liquid is the less dense, a large* globule of it can be held undc'r wat(*r by 
adhesion to mercury. This is illustrated pliotograpliically in figure la 
for benzene retaining a bubble of air unden* water and by the* diagram in 
figure 2. An air bubble will not pause at the other liquid -lieiuid interface* 
in figure la,—that is, in passing upwwd from water te) benzene. In 
figure lb a bubble is shown stably he4d by carbon tetrachloride) unde*r 
water. When this inte'rface is inverted, the air bubble passes through it 
immediately. Typical experimental results for air bubbles and liquid 
drops at liquid-liquid interfaces are listed in table 1. 
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It might be argued that these results could be anticipated or explained 
by the principles of preferential wetting or spreading coefficients. For 



Fig. 2. Stability of bubbles and drops at liquid-liquid interfaces. A » air; W ■* 
water; X and Y « organic liquids. Solid outlines indicate stability; broken out¬ 
lines indicate instability. 


TABLE 1 

Stability of hubbies and drops at liquid-liquid interfaces 


LIQUID PAXB* 

AZB BUBBLaB 

DBOPS or OZBBB UQUID 

WtBide 

Otide 

Wdda 

Oside 

Water-benzene . 

Ut 

s 

s 

8 

Water-petroleum ether. 

u 

s 

8 

S 

Water-kerosene. .. 

u 

s 

8 

6 

Water-isoamyl alcohol . 

u 

s 

s 

S 

Water-Nujol. 

u 

s 

u 

s 

Carbon tetrachloride-water. 

U i 

s 

u 

s 

Carbon disulfide-water . 

8 

s 

u 

s 

Nitrobenzene-water . 

u 

s 

8 

8 

Methylene iodide-water . 

u 

s 

u 

s 

6 N Ammonium acetate-benzene. 

s 

s 

s 

8 

6 N Sodium acetate-benzene. 

u 

s 

s 

8 

6 N Ammonium hydroxide-benzene. 

u 

s 

s 

S 

6 N Acetic acid-benzene. 

Carbon tetrachloride-6 N ammonium ace- 

s 

s 

s 

S 

tate . 

s 

s 

s 

S 


* The denser liquid in each pair is listed first. 

I W water; O ■■ organic liquid; U *■ unstable; S • stable; s ® slightly stable. 


example, benzene has a positive spreading coefficient on water and should 
displace water at a water-air interface or preferentially wet a bubble of 
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air. However, paraffin oil (Nujol), carbon disulfide, and methylene iodide 
have negative spreading coefficients, while that of carbon tetrachloride is 
doubtful. It would, therefore, not be expected that these liquids could 
displace or cover water at the water-air boundary, yet they will retain an 
air bubble at their interfaces with water permanently, as will those liquids 
which have positive spreading coefficients. 

From the experimental data, and as represented in the diagrams, it may 
be stated as a general conclusion that at water-organic liquid interfaces 
an air bubble will penetrate the interface readily from the water side but 
not from the side of the organic liquid. Likewise, drops of the organic 
liquid will usually break through this interface at once or in a few seconds 
from the water side, but water drops are generally retained at the interface 
for a longer time or indefinitely on the opposite side. As indicated above, 
these results cannot be predicted directly from surface energy relationships, 
but are apparently conditioned by the degree of cybotaxis on the two sides 
of liquid-liquid interfaces. If this viewpoint is significant, a liquid-liquid 
interface should be considered not merely as a boundary plane of negligible 
thickness, but rather as a structure having two sides which differ in char¬ 
acter and in extension into the two bulk phases. 

As a general rule, the stability of liquid drops at a liquid-liquid interface 
is at best less than that of air bubbles, which may persist there for several 
days. It may be suggested as a tentative explanation of this difference 
that the cybotactic condition in the film between the bubbles and the upper 
liquid is strengthened by having gas on one side and a condensed phase on 
the other side. If the film has condensed phases on both sides, the simul- 
tanegus action of strong forces from opposite directions might result in a 
smaller net directive influence, whereas a strongly unbalanced force would 
be i^ore effective in inducing and maintaining cybotaxis. 

It will be noted from the data in table 1 that certain aqueous solutions, 
such as those of ammonium acetate and acetic acid in moderate concentra¬ 
tion, exhibit the cybotactic behavior of an organic liquid. Other solutes, 
including common mineral acids, bases, and salts, in equivalent concentra¬ 
tions do not appreciably increase the cybotactic condition of water. Ex¬ 
tensive investigation of cybotaxis in solutions has not been undertaken. 

It should be emphasized that the bubbles or drops which are retained at 
a liquid-liquid interface are not in contact with the two liquids simul¬ 
taneously but are completely surrounded by that liquid phase in which 
they rest. The bubble or drop is a slightly distorted sphere and its con¬ 
tour is continuous. The photographs are somewhat misleading in this 
respect, owing to reflection and refraction. Excellent evidence for the 
continuity of the film of the lower organic liquid around air bubbles is 
provided by the transport of a quantity of this lower liquid to the top sur¬ 
face of the water when the bubbles are enlarged sufficiently to cause them 
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to break away from the lower liquid by their buoyancy. By blowing a 
stream of air through the lower organic liquid (e.g., carbon tetrachloride) 
the latter can be efficiently pumped to the top of the water. Of course, 
the carbon tetrachloride drops back through the water after releasing the 
air bubbles except for the quantity which can be supported as a disc upon 
the water surface. This process of circulation provides a convenient means 
for bringing about intimate contact between two immiscible liquids if the 
lower liquid is sufficiently cybotactic. This effect does not obtain when 
water is the lower liquid. 

It occurred to the authors that the pumping of carbon tetrachloride to 
the surface of water by means of air bubbles is analogous to the Frasch 
method for mining sulfur and involves the same principle. An experiment 
was performed in which air was bubbled through molten sulfur under a 
glycerol* water solution at about 125®C. Small air bubbles were quite 
stable in the sulfur phase at the liquid-liquid interface, and large bubbles 
lifted a surrounding mass of sulfur to the top of the aqueous phase where 
it released the air and could be recovered by some simple means. This 
experiment provides a demonstration of the operation of the Frasch process 
suitable for laboratory or lecture. 

It follows from the experimental results discussed above that if factors 
other than cybotaxis are eliminated, a water-in-oil emulsion will be more 
stable than the conjugate system. In the absence of an emulsifjdng agent 
there is no reason to conclude from purely energetic considerations that 
the one or the other system would be more stable, since the interfacial 
tension is identical in the two systems and the difference in density is like¬ 
wise a common factor. A difference in stability of the two conjugate 
emulsions may, however, be predicted if the drops of one liquid penetrate 
films of the other liquid less readily as a rcKSult of cybotaxis in the liquid 
which constitutes the external phase. By analogy with this reasoning it 
follows that an emulsifying agent will stabilize that system in which it is 
preferentially in the external phase,—a general principle which has been 
arrived at from other considerations and which has experimental support. 

LIQUID-SOLID INTERFACES 

At the surface of a solid the directive forces are stronger than at a liquid 
surface, for it is just this surplus which induces the solid state. It is there¬ 
fore to be expected that cybotactic effects will be most evident in liquids 
where they are in contact with a solid. Furthermore, it may be reasoned 
that the extent of tactoid formation will be greatest adjacent to “active 
centers” of the solid surface—at edges, corners, extra-lattice crystal units - 
and will thus be favored by irregular, anisotropic particles rather than by 
spherical forms. Thixotropic phenomena may be explained as resulting 
when cybotactic groups extend sufficiently as spines or tentacles from active 
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centers on neighboring particles to form bridges of quasi-crystalline mate¬ 
rial which will offer resistance to lateral shear. A more extended discussion 
of thixotropy from this viewpoint will be offered in a subsequent paper. 

DUAL UQUID CONTACT 

In contrast to the conclusion relative to bubbles and drops held at a 
liquid-liquid interface, it appears that solid particles of some materials 
may rest in contact with both liquids simultaneously at such an interface. 
The stabilization of emulsions by certain solid powders is conditioned by 
the equilibrium of surface forces in this dual wetting. 

When a bead of glass, fused borax, or sodium hydroxide is dropped upon 
a liquid-liquid interface from the side of the organic liquid, it is arrested 
momentarily in the organic liquid before breaking through the interface, 
and then drops to a stable position in contact with both liquids. The con- 



Fio. 3. Dual liquid contact. Glass bead and sodium hydroxide bead stable in 
dual contact; sodium hydronde bead dissolving. Drop of sodium hydroxide solution 
and air bubble not in contact with water. 

trast of this condition with the behavior of a liquid drop is shown in figure 
3 for solid sodium hydroxide and for a drop of its concentrated solution. 
That the solid pellet is in contact with the imderl)ring layer of water is 
indicated by the visible solution lines or schlieren as the denser solution 
flows down through the water. The absence of these lines below the drop 
of solution at the same interface proves that the drop is not in contact with 
the water but is entirely surrounded by the organic liquid. When it does 
break through the interface it goes at once and as a whole into the water 
phase. 

It is obviously impossible for a liquid drop to preserve a recognizable 
outline after breaking through an interface if the drop is miscible with the 
liquid into which it enters. However, if it is immiscible with both liquids, 
it may e^ibit two stages of rest,—^tbe first due to cybotaxis and the second 
to an equilibrium of surface forces with the drop in contact with both 
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liquids. Mercury droplets if suflSciently small will hang indefinitely at 
liquid-^liquid interfaces. The size of the drop is a factor since, if it is too 
large, the strong pull of gravity causes the upper liquid to neck off, and the 
drop, surrounded by a shell of the upper liquid, falls before it has had time 
to penetrate the cybotactic film. In this manner globules of lighter organic 
liquid may be carried down through water and retained at the bottom of a 
vessel, as illustrated for benzene in figure la. 

By using the system water-aniline-kerosene, which forms three layers 
in that order (when the last two are mutually saturated), large density 
differences were avoided. It is possible to hang quite large drops of water 
at the aniline-kerosene interface if the proper technique is employed. If 
the water drop is allowed to fall freely onto the interface it goes through 
at once, because the interfacial tension between aniline and kerosene is 
very low and even a small force is capable of causing the kerosene to neck 
off. Each water drop is then quite clearly surrounded by a rather thick 
shell of kerosene as it falls through the aniline, and this kerosene subse¬ 
quently streams upward. If, however, the water drop, while still adhering 
to the glass capillary, is carefully manipulated at the interface so as to 
break the kerosene film and bring the drop into contact with both aniline 
and kerosene, it will hang indefinitely at the interface and may be enlarged 
at any time by adding more water through an inserted capillary. Definite 
proof that the hanging drop is in contact with the aniline phase is pro¬ 
vided by dissolving in the water a dyestuff (National safranine 8B) which 
is soluble in water and in aniline but insoluble in kerosene. The hanging 
purple drop loses all of its color to the aniline. 

It may be concluded that liquid drops may rest at liquid-liquid inter¬ 
faces in defiance of gravity for either of two reasons: (/) because they fail 
to penetrate the cybotactic layer or (£) because the three interfacial ten¬ 
sions have values which permit equilibrium, that is, none is greater than 
the sum of the other two. The first effect is operative in all cases to some 
degree but is impermanent; the second is operative only when (a) the drop 
is immiscible with both liquid layers and (6) the interfacial tensions satisfy 
the above condition. 

In this respect liquid drops and solid beads exhibit the same behavior. 
Bubbles of gas appear to be exceptional in the matter of dual liquid contact. 
All experiments designed to show that bubbles were in contact with both 
liquids gave negative results. For example, a bubble of .ammonia is 
stable without contraction under kerosene covered by water. If bubbles 
could exist in contact with both liquid phases the condition governing the 
equilibrium of interfacial tensions should be satisfied, but bubbles of air 
will be retained below the interfaces in both spreading and non-spreading 
liquids when water is the upper liquid. Theoretically, from surface energy 
relations, an air bubble should be stable at a Nujol-water interface in 
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contact with both liquids and, it is to be emphaased, the same condition 
should obtain regardless of whether the bubble is introduced from the water 
side or the Nujol side of the interface. Actually, as recorded in table 1, 
the bubble is stable only as a result of cybotaxis in the organic liquid. 

smoiABT 

'iMolecular swarms or cybotactic groups in the bulk of liquids have only 
a transitory existence for lack of an anchorage or directive influence. 
This is provided by an interface of any type and here the cybotactic effects 
will be stronger and more persistent, possibly approaching the orderliness 
and stability of crystals. 

Cybotaxis at liquid-air interfaces accoimts for the existence of primary 
rolling drops, and “critical heights” for different liquids provide a relative 
measure of this effect. 

Analogous experiments are made at liquid-liquid interfaces with drops 
of either liqmd or bubbles of air. The stability of a bubble at a liquid- 
liquid interface depends upon cybotaxis in the lower liquid. In general, 
at water-oil interfaces an air bubble will break through from the water 
side but not from the oil side; oil drops will break through from the water 
side, but usually water drops will not from the oil side. 

If factors other than cybotaxis are eliminated, a water-in-oil emulsion 
is more stable than the conjugate system. By analogy with cybotaxis, 
it follows that an emulsifying agent will stabilize that system in which it 
is preferentially in the external phase. 

In thixotropic systems cybotactic groups extend as spmes or tentacles 
from active spots on neighboring particles and form bridges of quasi- 
crystalline character which offer resistance to lateral shear. 

Drops of an immiscible liquid or solid particles may rest at a liquid- 
liquid interface in contact with both liquids if equilibrium conditions of 
interfacial energies are satisfied. Dual liquid contact is apparently not 
possible for bubbles of gas. 
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SENSITIZED BY FERRIC lON^ 

ROBERT LIVINGSTON 

School of Chemistry, University of Minnesota, Minneapolis, Minnesota 
Received September SO, 1939 

It has been shown by Allmand and Webb (2) that the photochemical 
oxidation of oxalic acid by ferric ion, 

2Fe+++ + C20r“ = 2Fe++ + 2 CO 2 

requires approximately two quanta for each molecule of oxalic acid oxi¬ 
dized. It was also shown qualitatively by the same authors^ that carbon 
dioxide is formed, though no measurable amount of ferrous ion is produced, 
when a ferric oxalate solution is illuminated in the presence of oxygen. 
This result led them to the very plausible surmise that the photochemical 
process is not inhibited by oxygen, as had been erroneously suggested by 
several earlier workers, but that the ferrous ion, formed photochemically, 
is rapidly reoxidized by oxygen. Apparently without further evidence, 
this process has been cited in a well-known monograph on photochemistry 
(6) as a typical example of the ^^oxygen-carrier'' type of photosensitization. 
While there can be no legitimate doubt that such processes occur, a search 
of the literature failed to reveal any simple case for which the mechanism 
had been reasonably established. 

The experiments presented here were performed in the hope that this 
reaction would prove to be a simple example of the ‘‘carrier" type of 
photosensitization. While this expectation has not been realized in its 
simple,st form, the results of Allmand and Webb (2) on the reaction in the 
absence of oxygen have been fully confirmed, and furthermore it has been 
shown that the presence of oxygen doubles the quantum jdeld, one molecule 
of oxalic acid being oxidized for each quantum absorbed. Since this 
latter result was somewhat unexpected, it was tested and confirmed by the 
use of an entirely independent analytical method. 

EXPERIMENTAL PROCEDURE 

Materials 

The potassium ferric oxalate [KsFe(C 204 ) 3 ] was prepared according to 
the method of Biltz (4). The procedure described by Leighton and 
Forbes (14) was followed in the preparation of the uranyl sulfate. The 
oxalic acid was twice recrystallized. All other reagents were of “ana- 

* This work was made possible by a grant from the Graduate School of the Uni¬ 
versity of Minnesota. 

• A somewhat similar result had been reported previously by Jodblauer (7). 
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lytical^' grade and were used without further purification. Conductivity 
water was used in preparing all solutions. 

Analytical methods 

Oxalate was determined with standard potassium permanganate solution 
by the usual method (11). Carbon dioxide was determined by absorbing 
it in standard 0.010 N barium hydroxide and titrating the resulting solu¬ 
tion with standard hydrochloric acid to a phenolphthalein end point, 
taking care to prevent contamination by the carbon dioxide of the air (10). 
Ferric ion was determined with standard titanium trichloride solution 
in the absence of oxygen (9). Calibrated volumetric burets were used in 
all titrations, a microburet being used in those experiments where the 
titrating volume was small. Samples were measured with pipets, care 
being taken to see that the irradiated and ‘‘blank” solutions were at the 
same temperature when the samples were withdrawn. 

Apparatus 

The light source was a water-cooled, quartz-capillary mercury arc 
of the atmospheric pressure type described by Langer and Meggers (13). 
It was operated at 60 or 70 volts and 4 or 5 amperes. Glass color filters 
were used to isolate the desired spectral regions. 

Energy measurements were made with a Moll large-surface thermopyle 
and a Leeds and Northrup HS galvanometer, provided with a suitable 
shunt and series resistance. To reduce the uncertainty due to corrections, 
the thermopyle was used and calibrated without its reflecting horn and 
window. The second window of the reaction cell was placed directly in 
front of the thermopyle and satisfactorily eliminated drifting due to air 
currents. The galvanometer-thermopyle system was calibrated with a 
United States Bureau of Standards radiation standard lamp, following the 
explicit directions furnished with the lamp. The calibration was repeated 
at intervals during the course of the experiments. 

The reaction cell (figure 1) which was used in the final series of experi¬ 
ments was a Pyrex cylinder with plane parallel ends. It was about 5 cm. 
long and had a volume of about 25 cc. It was provided with a neck and 
ground-glass tubulated stopper (0) and had a bent capillary tube (I) 
attached at the bottom. These tubes served for filling and emptying the 
cell and as gas inlets and outlets. In all of the experiments the solutions 
were stirred by a steady slow stream of small bubbles of oxygen, nitrogen, 
or carbon dioxide, which was forced in at I. When nitrogen or carbon 
dioxide was used, a water trap or capillary leak was attached to 0 to 
prevent the diffusion of air back to the solution. In those experiments 
where the gas was analyzed, the tube (O) was connected to the absorption 
system. 

The entire system was attached rigidly to an optical bench. In figure 2| 
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A represents the arc, which was suspended in a water-filled copper box 
provided with a quartz window, Q. To eliminate the effect of stray light, 
the diaphragms Di and D 2 were used, and the cells, C, and thermopyle, 
T, were enclosed in a large blackened box. The glass color filter, F, was 
placed outside of this box. The reaction vessel, Ci, and a vessel of similar 
dimensions, G 2 , which was kept full of water, were attached to a metal 
carriage. This could be operated from outside of the box so as to bring 



Fig. 1. The reaction cell 


B 



Fig. 2. Diagram of the apparatus 


either Ci or C 2 into the light beam. A glass condensing lens, L, and a 
shutter, S, completed the optical system. 

The experiments were run at room temperature, which varied from 
23® to 34°C. These temperatures are listed in the tables. 

Routine procedure and computations 

Coincident with each experiment, one or more blank analyses were 
performed, using samples which had the same volume as the reacting 
solution and which, except for exposure to light, had been treated in the 
same way. The number of molecules which had reacted photochemically 
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waa computed in the usual way from the blank titre, the change in titre, 
the concentration of the blank, and the volume of the reacting solution. 

During the course of each experiment, the galvanometer deflection 
corresponding to the light transmitted by the reaction cell as well as that 
transmitted by the water cell was observed at 30-min. intervals. The 
total time of irradiation for a single experiment was from 1 to 4 hr. In 
computing the energy absorbed by the reactants, allowance was made 
for the (slight) difference in transmission of the two cells, when they were 
both filled with water, and for the (4.5 per cent) loss due to reflection at 
the second window of the reaction cell. This reflection loss was computed 
by means of FresneFs formula, assuming that the light was perpendicularly 
incident upon the window. A series of measurements made with the 
uranyl oxalate actinometer of Leighton and Forbes (14) indicated that the 
energy measurements were too small by 2.8 per cent. This discrepancy 
was probably due to the use of an inhomogeneous light beam and a surface 
thermopyle (15). This correction was applied to all of the quantum 
yield measurements. The uranyl actinometer was also used to check all 
variations in procedure (incldiung the carbon dioxide method of analysis). 

RESULTS 

The experiments which are summarized in table 1 were performed in 
the absence of oxygen, the extent of the reaction being determined by 
titration with titanium trichloride. The solution used in these experi¬ 
ments was similar to that used by Allmand and Webb (2) in the majority 
of their experiments. It was 0.020 M in respect to potassium ferric 
oxalate and 0.100 M in respect to sodium oxalate. The duration of each 
experiment was 3 hr. A compound Jena-glass filter, which isolated the 
mercury lines at X 4360 A., was used. The intensities of the absorbed light, 
which are given in column four, are average values. The percentages of 
reaction, listed in column five, are given in terms of ferric ion reduced. 
The quantum yields, which are recorded in the sixth column, were com¬ 
puted by dividing the number of molecules of oxalate oxidized by the 
total number of quanta absorbed in the solution. The values given in the 
last column have been corrected for the internal filter action of the complex 
ferrous oxalate, using the extinction coeflBcients given by Allmand and 
Webb (2) and making allowance for the gradual change in the composition 
of the reacting mixture.* 

* This latter effect was taken into account by the use of the following formula; 

0oorreot«4 

- — 

where k% and A;i are, respectively, the extinction coefficients of the complex ferrous 
and ferric oxalates, and and C are, respectively, the initial and final conoentra* 
tt(ma of the ferric oxalate. 
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The average of the corrected values of the quantum yield is 0.44 dz 0.02, 
where the uncertainty is expressed as the average error of a single deter¬ 
mination. The corresponding value expressed in terms of ferric ion 
reduced is 0.87 zb 0.04, which is in excellent agreement with the value of 
0.89, obtained by Allmand and Webb (2) for the same solution and wave 
length. 

Experiments 1 to 4 of table 2 demonstrate that oxalic acid is oxidized in 
the presence of oxygen, although under these conditions no detectable 
amount of ferrous iron is formed. In all of the experiments summarized 
in table 2 , the oxalate concentration was determined with standard per¬ 
manganate. The light filter used in the first four experiments was a 
Corning Blue-purple Ultra, which transmits several of the mercury arc 


TABLE 1 


Reduction of ferric ion by oxalate in the absence of oxygen 


(1) 

BXraSXlfBNT 

MO. 

(2) 

CABBOM 

DIOXXDB 

(8) 

t 

(« 

WXKM. 


hvhUf per 
eecona 

•c. 

quanta per 
second 

1 

5 

24 

3.1 

2 

5 

23 j 

2.9 

3 

5 

23 

2.1 

4 

6* 

29 

1.6 

5 

5* 

29 

1,8 

6 


32 

1.7 

7 

!♦ 

34 

1,5 

8 

!♦ 

34 

1.9 


Average 


(6) 

PBB CBNT or 
EB ACTION 

(Fe+'^) 

(«) 

. "CiO.— 
h. 

(7) 

^oorreeted 

10 

0.38 

0.43 

9 

0.385 

0.43 

7 

0.39 

0.43 

1 5 

0.39 

0.43 

5 

0.365 

0.39 

6 

0.445 

0.48 

5.5 

0.44 

0.47 

5.5 

0.38 

0.41 


0.44 ± 0.02 


* In these experiments the carbon dioxide was passed through a dilute solution of 
titanium trichloride before being admitted to the reaction vessel. 


lines. For the present optical system and absorbing solution, the average 
wave length of the absorbed light was estimated to be 4000 A. In experi¬ 
ments 5 and 6 , a compound Jena filter, transmitting 4360 A., was used; 
and in experiments 7 to 9 a Corning Violet Ultra filter, which transmits 
chiefly the lines at 3660 A. Since in these experiments no ferrous oxalate 
was formed, it was unnecessary to make any correction for. internal filter 
action. 

The quantum yields obtained in these experiments are twice as great as 
those obtained in the absence of oxygen. In table 3 the average values 
corresponding to X 4360 A. and to X 3660 A. are recorded for both the 
direct and the sensitized reactions, and are compared to the values pub¬ 
lished by Allmand and Webb (2) and by Allmand and Young (3). Since 
these authors expressed their quantum yields in terms of moles of ferric ion 
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reduced, their values have been divided by 2, to reduce them to the same 
basis as those given in this paper. It is interesting to note that the yields 
of the sensitized oxidation and of the direct reduction of ferric iron appear 
to be the same function of wave length. This indicates that the increase of 
eflSciency with decreasing wave length is determined by the primary 
process and is not merely the result of an error in applying the correction 
for the internal filter action of the ferrous compound. 

TABLE 2 


Oxidation of oxalic acid aensitized by ferric ion 


BZPBBl- 
MBMT KO. 

DURATION 

X 

OXTGBN 

t 

WXIV* 

PBBCBNTOF 
RB ACTION 

(CiOr-) 

. “CMr- 

* ~~h 


minttieB 

i. 

hMlet per 
BBOona 

•c. 

Qvanta per 
BBBOnd 



1 

180 

4000 

10 

26 

2.3 

1.4 

0.92 

2 

180 

4000 

3 

27 

3.0 

1.4 

0.90 

3 

180 

4000 

0.1 

27 

2.1 

0.5 

0.49 

4 

180 

4000 

0* 

26 

2.1 

0.05 

0.05 

5 

180 

4360 

10 

28 

2.2 

1.1 

0.94 

6 

180 

4360 

10 

28 

2.2 

1.0 

0.87 

7 

360 

3660 

10 

28 

0.7 

0.7 

1.10 

8 

360 

3660 

10 

28 

0.7 

0.9 

j 1.31 

9 

360 

3660 

10 

29 

0.7 

0.7 

1.02 


* Stirred with carbon dioxide, but no special precautions were taken to exclude 
traces of air. 


TABLE 3 


Comparison of average values of the quantum yield 


X 

RBACnON IN TBB 
PRBBBNCB OF OZTOBN 

RBACnON IN THB AB8BNCB OF OXTGBN 

livingsion 

Allmand and 
Webb (2) 

Allmand and 
Young (8) 

i. 





4360 

0.90 =b0.04 

0.44 =b0.02 

0.445 

0.405 

3660 

1.14 dbO.ll 


0.58 

0.525 


Allmand and Webb (2) did not observe any reaction when they il¬ 
luminated their reaction mixture with light of X 5790 A. Since the absorp¬ 
tion of ferric oxalate solutions is very small in this region, it was thought 
worth while to test the effect of red light, which is strongly absorbed. 
TTie reaction mixture, while stirred with oxygen, was illuminated with a 
500-watt projection lamp through a Jena RGl filter. In no case was there 
any detectable reaction. If there is any reaction produced by red light, 
its quantum yield is certainly less than 0.06. 

Since the twofold difference between the quantum yields of the reactions 
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occurring in the presence and in the absence of oxygen was somewhat 
unexpected, the following experiments were performed to confirm the 
result. Carbon dioxide-free gas was bubbled through the reaction mixture 
and was then passed into dilute standard barium hydroxide solution. 
The amount of carbon dioxide produced by the oxidation of oxalic acid 
could thus be determined by analysis of the absorbent. Since either 
oxygen or oxygen-free nitrogen can be used, this method is obviously 
applicable to the study of either the direct or the sensitized oxidation. 
In using this method of analysis, it was found necessary to observe several 
precautions. To obtain an efliicient removal of the carbon dioxide, it 
was necessary to use an acidified reaction mixture^ and to continue the 
flow of gas for at least 15 min. after the illumination. It was of course 
necessary to take extreme care to free the incoming nitrogen, or oxygen, 
from traces of carbon dioxide and to avoid contamination by carbon 
dioxide of the air. The carbon dioxide absorption vessel, which was a 
narrow cylinder with a sintered-glass gas injector, was shown to be efficient 
in taking up the carbon dioxide by using a second absorption vessel and 
analyzing its contents separately. 

No direct test was made for the presence of carbon monoxide in these 
gases; however, the fact that the potassium permanganate titre remains 
unchanged when the mixture is illuminated and titrated in the absence of 
oxygen, proves that if carbon monoxide is formed its amount is very small 
compared to that of the carbon dioxide.® 

The results of these experiments are summarized in table 4. The 
solutions used in experiments 1 and 4 were 0.020 3f, 0.0193 Af, and 0.0962 
M in respect to sulfuric acid, potassium ferric oxalate, and sodium oxalate. 
In experiments 5 to 13 the concentrations, given in the same order, were 
0.0198 Af, 0.0198 Af, and 0.0990 Af. The duration of each experiment 
was 60 min., except in the case of experiment 13 which was continued for 
68 min. To obtain a conveniently rapid reaction, a Corning Blue-purple 
Ultra filter was used. In computing the quantum yield, the average 
wave lengtii was estimated to be 4000 A. (compare the first four experi¬ 
ments of table 2). No attempt was made to correct the quantum yields 
of experiments 11 to 13 for the absorption of light by ferrous oxalate, 

* A comparison of the experiments listed in tabic 4 with those in table 2 shows that 
the dilute acid used has no specific effect on the reaction. This is in agreement w4tli 
the results of Allmand and Webb (2). 

* A separate attempt was made to detect the presence of carbon monoxide in the 
reaction products by passing oxygen-free carbon dioxide through the reaction mix¬ 
ture and collecting this gas in a nitrometer. Since the carbon dioxide used in these 
experiments was not entirely free from nitrogen, the results were somewhat un¬ 
certain. However, they did demonstrate that if any carbon monoxide is formed 
under these conditions, its amount is less than one-third of that of the carbon dioxide 
produced. 
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and the values tabulated for these experiments are, therefore, probably 
10 or 15 per cent too small. The per cent completion of the reactions 
(column 4) is given in terms of the concentration of oxalate. The quantum 
yields titration, given in column 6) were determined by titration of the 
reaction mixtures at the end of the experiments. The titrations were 
made with potassium permanganate in experiments 1 to 4 and with 
titanium trichloride in experiments 11 to 13. The quantum yields based 
upon the carbon dioxide determinations are given in column 7. 

TABLE 4 


Confirmation of the previous results by direct analysis of the carbon dioxide formed in the 

reaction 


(1) 

(2) 

(3) 

(4) 

(5) 

(6) 

(7) 

JBXPBBX' 

lUBKT 

MO. 

OA8 

t 

PaBCBNT 

OF 

BSACTXOM 

(Cl04-~) 

W X 
ir» 

^titratloo 

*COt 


bvbhlea per aeeond 

•c. 


Quanta 

etcStd 



1 

2 (oxygen) 

27 

2.6 

1.9 

0.82 

0.67 

2 

2 (oxygen) 

28 

2.3 

1.8 

0.78 

0.66 

3 

2 (oxygen) 

28 

2.4 

1.7 

0.86 

0.80 

4 

2 (oxygen) 

29 

2.3 

1.9 

0.72 

0.78 

5 

1 (oxygen) 

29 

2.2 

1.7 


0.80 

6 

2 (oxygen) 

29 

1.6 

1.1 


0.82 

7 

2 (oxygen) 

28 

1.9 

1.6 


0.71 

8 

2 (oxygen) 

28 

0.8 

1.6 


0.92 

9 

2 (oxygen) 

28 

2.2 

1.6 


0.85 

10 

2 (oxygen) 

30 

2.6 

2.0 


0.79 

Average. 

0.80 ±0.05 

0.78 ±0.07 

11 

1 (nitrogen)* 

30 

1.3 

2.4 

0.33 

0.45 

12 

1 (nitrogen)* 

30 

1.3 

1.8 

0.43 

0.36 

13 

1 (nitrogen)* 

31 

0.9 

1.6 

0.39 

1 0.39 

Averaire.1 

0.38 ±0.04 

0.40 ±0.03 





1 


* Purified with chromous chloride solution (19). 


These measurements fully confirm the conclusions based upon the 
comparison of the results given in tables 1 and 2. The quantmn yield, 
expressed in terms of moles of oxalate oxidized, is approximately 0.5 when 
the oxidizing agent is ferric iron, but is twice as great when the iron salt 
acts as a sensitizer and the oxidizing agent is oxygen. 

In 1928 Komfeld and Mencke (12) published an account of certain 
experiments on the photochemical reduction of ferric ion by oxalate ion, 
which were in disagreement with the earlier work of Lemoine (16). The 
eiq>eriment8 of Allmand and Webb (2) and of Allmand and Young (3), 
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as well as those presented in this paper, are in direct contradiction to the 
claims of Kornfeld and Mencke (12). Believing that their results might 
have been due to the nature of the solutions which they used, we performed 
a number of experiments using a wide variety of solutions. Although we 
did obtain rather erratic results with some of these solutions, particularly 
those which were obviously colloidal, we were unable to realize anything 
even approaching the results reported by Kornfeld and Mencke (12). 

DISCUSSION 

Probably the simplest mechanism which could be postulated for the 
sensitized reaction is one in which the photochemical reduction of ferric 
ion, 

Fe-H-f + j CiOr- + hp Fe++ + CO 2 

is compensated by a rapid thermal oxidation of ferrous ion® 

4Fe++ + 4H+ + O 2 4Fe+^-^- + 2 H 2 O 

However, this mechanism must be rejected, since it predicts that the 
quantum yield of the reaction is the same in the presence and in the 
absence of oxygen. 

An obvious way to avoid this difficulty would be to assume that the 
thermal oxidation of ferrous ion induces^ the oxidation of oxalate ion with 
an induction factor of This possibility was tested directly by studying 
the oxidation of ferrous ion by oxygen, in the dark and in the presence of 
an excess of oxalate ion. In none of these tests was there any detectable 
(induced) oxidation of oxalate ion. Furthermore, these experiments, 
while neither very extensive nor accurate, indicated that the direct oxida¬ 
tion of ferrous ion is too slow to account for the low concentration of 
ferrous ion which is observed at the photochemical steady state.® 

Since for these reasons both the simple “carrier-action'' mechanism 
and its first modification must be rejected, it appears very probable that 
the reaction follow's a more complex mechanism in which the thermal 
oxidation of ferrous ion is in some way coupled to the photochemical 
reduction of ferric ion. The following statement is a generalized descrip¬ 
tion of such a mechanism: The primary photochemical act consists of 
(or is immediately followed by) an electron transfer from an oxalate ion 
to a ferric ion. The partially reduced oxalate ion formed jn this way 
disappears, in the absence of oxygen, by a bimolecular process yielding 

* Compare reference 6. 

^ For a simple discussion of induced reactions, see Bray (5) or Kolthoff and 
Livingston (8). 

* This conclusion is in interesting agreement with the results of Lipmann (18) on 
the corresponding system containing ferric ion and pyruvic acid. 
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carbon dioxide and ordinary oxalate ion. In the presence of oxygen, it is 
rapidly oxidized to carbon dioxide and induces the oxidation of ferrous ion 
(with an induction factor of unity). The partially oxidized oxalate may 
undergo these reactions either as the free ion (C204”“ or HC2O4) or as part 
of an iron-containing complex. Any mechanism which had these char¬ 
acteristics would predict a quantum yield of i for the direct oxidation by 
ferric ion and of 1.0 for the sensitized reaction in which oxygen is the 
oxidizing agent. This general mechanism may be formulated in a number 
of possible ways. One such detailed scheme is presented in the following 
paragraph. 

It has been fairly well established (2) that ferric iron in the presence 
of an excess of oxalate is present as the complex ion, [Fe(Cj04)8] . We 

<8hall assume that the absorption of a photon by this complex results in the 
transfer of an electron from an oxalate ion to the ferric ion and a rearrange¬ 
ment of the several ions which make up the complex. We shall assume, 
furthermore, that this new ion is moderately stable, and designate it by 
the symbol X- 

[Fe(C,04)8]- + (1) 

In the absence of oxygen this ion disappears by the bimolecular process 

2X— 2[Fe(Ca04)2]-'~ + C204~- + 2 CO 2 (2) 

but in a solution saturated with oxygen the following reaction is favored; 

X-+ H2O + O2 [Fe(C204)2]- + 2CO2 + OH“ + HO2- (3) 

The dioxalato ferric complex then takes up a third oxalate ion, and the 
peroxide ion decomposes either bimolecularly, 

2H02-" 20H- + O2 

or more probably by some less direct path. While it is scarcely profitable, 
in our present state of incomplete knowledge of the system, to discuss the 
postulated steps in detail, it may be worth mentioning that step 3 is 
probably complex. It may consist of several consecutive steps, or it may 
possibly be an example of the type of mechanism recently proposed by 
Szent-Gyorgi (20).^® Further quantitative work on this and on related 
syBtems is necessary before we can arrive at any definite conclusions about 
the detailed mechanism. 

* Another, perhaps equally probable assumption, is that the complex immediately 
dissociates 

X —♦ Fe(C^4)2 “h C^4~ 

and that it is the free ion, 0204 *^, which undergoes the subsequent reaction. There 
is reasonably good evidence for the existence of this ion (1), and there appears to 
be no valid reason for rejecting this type of mechanism. 

^‘The statement in this reference that oxalic^acid is rapidly oxidised by ferric 
icm in the dark is incorrect. 
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SUMMARY 

1. The results of Allmand and Webb (2) and of Allmand and Young (3) 
on the photolysis of ferric oxalate by monochromatic light at room tem¬ 
perature have been confirmed quantitatively. 

2. The corresponding iron-sensitized oxidation has been shown to have a 
quantum yield of approximately unity, twice as great as the yield of the 
photolysis. 

3. These results have been checked by an independent experimental 
method. 

4. It has been shown that the absorption of red light by the system does 
not induce the reaction. 

5. A series of semi-quantitative experiments, performed in the dark, has 
demonstrated that the thermal oxidation of ferrous ion by oxygen does 
not induce the oxidation of oxalate ion. 

6. A brief discussion of the more probable mechanisms is included. 

In conclusion I should like to express my thanks to Mr. William Horo¬ 
witz and Mr. George Rashka, who performed the majority of the experi¬ 
ments reported here, and to Dr. Foster Riecke for his kindness in reading 
and criticising the manuscript. 
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Many chemists have observed that the grease on a vacuum desiccator 
usually becomes opaque when air enters the evacuated vessel. Some time 
ago, when some high-vacuum stopcock grease was used on a desiccator, 
it was observed that, instead of the usual smudge, large figures of great 
beauty (figure 1) were formed in the grease when the pressure was re¬ 
leased. Since we foimd nothing in the literature on the subject, an 
inv^tigation of the nature of these figures was undertaken. 

The grease was made according to Birch's method (2), by taking the 
residue that was left after distilling yellow petrolatum at a pressure of 
10“* to 10^ mm. of mercury and at a bath temperature of 300® to 320®C. 

This petrolatum residue is not only a good high-vacuum stopcock grease 
but also an excellent material for use on a vacuum desiccator. Figure 1 
is a photograph taken by reflected light of the figures formed in this 
grease on a Pyrex desiccator. The largest figures were about 1 cm. long. 

The kind of glass from which the desiccator is made does not affect the 
figures, for similar figures were formed on Pyrex and on soft-glass desic¬ 
cators. The kind of grease, however, does affect them. Six greases or¬ 
dinarily used in greasing an automobile were obtained from a service 
station and the characteristic figures were obtained with the three most 
viscous greases. The other three gave only a translucent smudge. 

The figures disappear when the desiccator is regvacuated and are dis¬ 
torted or destroyed when the top is slid on the base. Turning the desic¬ 
cator top when the two surfaces are in contact either before or after the 
vessel is evacuated does not change the direction or shape of the figures 
that are subsequently formed when air enters the desiccator. The figures 
have the same general configuration when observed from either the top 
or the bottc^ ^ . 

When aii 9 alumed to enter the desiccator slowly, small spots forming 
in the grease are first observed. The spots then seem to push out branches 
which grow into the completed figures. The spots form at some distance 
from the edges of the ground surfaces. Only rarely does a branch from 
one figure extend into another figure. 

The fact that the figures did not extend to the edges of the ground 
surface suggested that the vacuum as such had no effect on the figures 
but that the resulting pressure was the important factor. If that was the 
case, then the figures should be formed by the mechanical application 
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and reloaso of pressure. To test this the grease was placed between two 
glass plates about 1 in. square and the plates were sque(‘zed together in a 
vise made for tlu^ purpose. U[)on reh^asing the i)ressure the characteristic 
figures were obtained. The figures were likewise obtained whcni two 
pieces of celluloid were treated in the same way. The necessary condi¬ 
tions for the formation of the figures a])pear to be two reasonably smooth 
surface's, a substance of the proper viscosity and stickiness, and the apf)li- 
cation and su})se(pi(ait release of pressure. 

Although the general app(*arance of the figures is .similar to that of 
some crystals, the evidenice' indicates that they are d(‘finitely not crystal¬ 
line but, on the contrary, that tlu' figures are holes in the grease. First, 
the photogra])hs (figures 1 to 8) show that the edges of the figures are 
(*urved and not straight, as would be expected for crystals. Sec'ond, the 
figure's are invariably dark under crossed Nice^ls (figures 3, 6, 7), even 
whe'ii the gre'ase' itse'lf is anisotropic. Third, it was found possible to 
separate* the* plate's without disturbing the general ])atte'rn of the figure^s 
that previously had be'cn formed th(*r(H)n. An examination under the 
luieToscope re'veale*el that the figures were })laces where* the grease* die! not 
make* a continuous me*dium from one plate to the other. By rubbing a 
pointed instnime'iit on the glass where the* figure's appeare'd it was fenind 
that a thin film of grease' was still on the glass in the\se are'as, so that 
api)are'ntly gre'ase iiulls away from gre'ase* and not grease* from glass dur¬ 
ing the formation of the figures. 

There* is a pe)ssibility that the figures may re'sult from trapped air, 
wliich u])e>ii application of pre'.ssure decre'ase^s in ve)lume or disse)lve's in the 
gre'a.se* and then re*ap])e*ars upon rele'ase of the pressure to form the figures. 
Te) inve'stigate* this ]R)ssibility an apparatus was e*e)nstructe'd from a filter 
flask by which the operatiems e)f putting the grease'd plates together, ap¬ 
plying pre*ssure, and tlu'ii re'leasing it e*e)uld all be carried out in a vac¬ 
uum. Seve'ral expe'rirnents we*re e*arried out at a j)ressiire' e)f 0.01 to 0.02 
mm. of me'rcury and in each case* the characte'ristic figures were obtained; 
this rule's out the |)e)ssibility that trapped air is respemsible for their 
formation. 

With the pe'trolatum residue gre'ase the* field was almost cntire'ly dark 
whem vie'we'd under crossed Ni(*ols, be>th without and with pressure being 
applie'd te) the* plat(*s‘. However, if pre's.sure is applied and then re'lease'd 

* "I'lio vise iiae‘d consisted of two blocks of wood held together at the four corners 
with bolts and nuts. There was a j-in, hole through the center of both blocks. 
With this arrangement pressure could be appheul to the plates and the whole arrange¬ 
ment could be placed on the stage of a polarizing microscope for observation either 
while the pressure was applied or later when it was released. Lead washers were 
used between tin* glass and the wood. The glass plates have to be thick, otherwise 
they will bend and not produce the desired pressure within the J-in. hole where the 
figures are to be observed. Cdass i in. thick was satisfactory. 
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SO that figures are formed, then the figures are dark and the grease rela¬ 
tively bright (figure 3). This we interpret as indicating that under these 
circumstances an orientation of the molecules occurs, which gives an 
anisotropic character to the grease in mass. The individual molecules 



Fig. 1. Petrolatunn residue on a Pyrex desiccator; taken by reflected light 
Fig. 2. Petrolatum residue; Nicols parallel 
Fig. 3. Petrolatum residue; Nicols crossed 
Fig. 4. Polymerized butene; Nicols parallel 

may be anisometric, but under most conditions they arci orienU^d at ran¬ 
dom so that the individual effects neutralize one another. When pressure 
is applied and then released, an orientation occurs which makes the grease 
anisotropic as a whole. 
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The thickness of the films was determined by placing a weighed amount 
of grease between the plates and applying pressure until the figures 
formed when the pressure was released. The diameter of the circular disc 
into which the grease was squeezed was tluiii measured. Knowing the 
















lie. 5. Polymerized glycerol; Aicols parallel 
Fig. 6. Ammonium oleate; Nicols crossed 
Fig. 7. Aluminum stearate-vaseline; Nicols crossed 
Fig. 8. Triton S.A.E. 70; Nicols parallel 

density of the grease', the diameter of the disc, and the weight of the 
grease, the thickness of the disc or films could be calculated. With petro¬ 
latum residues grease the films had a thickness of from 2500 to 6600 Ang¬ 
strom units. 
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It was discovered that, by repeated application and release of pressure 
on the plates, the grease could be squeezed out thin enough so that inter¬ 
ference colors would form in the figures themselves. This phenomenon 
not only substantiates the previous conclusion that the figures are holes 
but it also confirms the order of magnitude of the above determination 
of the thickness of the film. To give interference figures the distance 
betw^een surfaces must be of the order of magnitude of a wave length 
of visible light (4000 to 8000 A.) ; this compares favorably with the thick¬ 
ness of 2500 to 6500 A. previously determined by an entirely different 
method. 

It is apparent that the plates must spring apart when the pressure is 
released, because the substance makes a continuous medium (a disc of a 
certain diameter, both faces of which are in (contact with the glass plates) 
between the plates while the pressure is applied and in only a small part of 
this area does the substance tou(*h both platcss when tlu* pressure^ is i*e;- 
leased and the figures are formed. Hence th(‘ jilates must be fartluT 
apart after figure formation. 

It does not seem to make any difference how long tlu‘ pressure is a])plied 
before it is released, for the figures foniKnl on a d(\si(‘cator tliat had be(*n 
evacuated for 3 weeks. 

Since the materials thus far studied were all ])etrolatum gr(*as(‘s it 
seemed desirable to try other substances that diffennl chemi(ailly from 
these greases. Materials that gave figures include ammonium oleatc*, 
oleic acid, n-butyl stearate, lanolin, benzoinated lard, tri(‘thanolamin(‘, 
non-crystalline glucose, glycerol, polymerized glyccirol, conccuitrated 
sulfuric acid, polymerized butene, and thre(‘ lubricants made from th(‘ 
following materials: glycerol-w^ater-sodium alginate, castor oil-carnauba 
wax, and aluminum stearate vaseline. Thus the? figures are forirud in a 
wide variety of chemical substances from the very polar water-soluble sub¬ 
stances such as glycerol, triethanolamine, and conr*entrated sulfuric acid 
to the non-polar hydrocarbons such as the petrolatum lesidue. Then* 
appears to be no correlation betw^een ability to form tlu* figures and ability 
to form hydrogen bonds. 

Some of the compounds that give the figures, mdi as ammonium ok'ate, 
fonn liquid crystals. The conditions favorable to the formation of liquid 
crystals have been defined by Bernal and Crowfoot (1) as follows: First, 
the molecule must be anisometric and rod- or lath-shap(‘d; second, it 
must contain not more than one highly polar group and may contain 
additional mildly polar groups. Ammonium oleate shows birefringence, 
which is a property common to all liquid crystals and is the property 
most commonly used in identifying the state. The polymerized butene 
possibly has rod-shaped molecules, but it lacks the polar group. This 
substance showed no evidence of birefringence, the field being entirely 
dark with crossed Nicols. Polymerized glycerol likewise gave no evidence 
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of birefringence. In this case, although the possibility of rod-shaped 
molecules and dipoles is present, the even distribution of polar groups 
throughout the molecule would prevent any regular arrangement in one 
or two coordinate directions,—a condition which is characteristic of liquid 
crystals. Some of the other materials that show birefringence, such as 
lanolin, benzoinated lard, castor oil-carnauba wax, and aluminum stearate- 
vaseline, do so not because they are in the liquid crystalline state, but be¬ 
cause soft anisotropic solid crystals are present in these substances. 

Compounds such as glycerol, sulfuric acid, and triethanolamine, which do 
not have the molecular characteristics favorable to liquid crystal formation 
and give no evidence of such formation, give the figures. There seems to 
be no parallel between compounds that form the figures and compounds 
that form liquid crystals. 

The viscosity and a less well-defined property, the '^stickiness'' of the sub¬ 
stance, are the only properties thus far observed to be connected with the 
formation of the figures. The substances that give the most elaborate 
figures are viscous and sticky, such as the petrolatum residue (figures 1, 
2, 3) and the polymerized butene (figure 4). The effect of viscosity can 
be noticed by examining the figures given by materials made up of mole¬ 
cules of the same type but of different size. For instance, a free-flowing 
petroleum oil (Triton S.A.E. 70) gives figures (figure 8) without any 
apparent symmetry which lose their original shape a few minutes after 
they are formed. The petrolatum residue gives figures of a high degree 
of symmetry that retain their original shape for several months. A hard 
grease made mostly of paraffin gives figures that lack symmetry and have 
the appearance of cracks. Their shape is very much the same as that of 
the figures in figure 7, which is a picture of a hard aluminum st/earate - 
vaseline grease. Thus three substances similar in regard to the type of 
molecules but varying in the size of the molecules and in viscosity give 
figures that are different. 

The effect of viscosity was investigated also by observing the type 
of figures that were formed when the vise was immersed in carbon dioxide 
snow. With some substances, such as the petrolatum residue, the shape 
of the figures was changed very markedly at the low temperature; with 
others, such as glycerol, the effect was less noticeable. 

Figures 2 to 8 are photomicrographs of 12 X. They were all taken 
of the various substances when placed on glass plates which were squeezed 
together in the special vise. Figures 2 and 3 are of the same figures, the 
only difference l^ing that in figure 2 the Nicols were parallel, while in 
figure 3 they were crossed. Not enough substances have been investi¬ 
gated to show what value the figures may have as a means of analysis. 
However, the possibility that they may have some use in this connection 
is evident. 

The cause of the formation of the figures is a question of much interest. 
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The fact that the petrolatum residue gives a bright field under crossed 
Nicols after the figures are formed (figure 3), although the field is dark 
before they are formed, indicates that some kind of orientation takes 
place during their formation. Ammonium oleate shows the same effect, 
although in this case the material is visible under crossed Nicols before 
figure formation but there is a marked increase in brightness after figure 
formation, indicating additional orientation. These are the only two 
cases in which this effect was noticed. With the other substances the 
brightness of the field under crossed Nicols did not change after figure 
formation, so that any orientation occurring in these cases was not suffi¬ 
cient to give rise to birefringence. 

The greases and liquids act as if they were in an unstable state when 
squeezed out into a thin film. When the pressure is released they tend to 
assume a more stable condition, which involves bunching up with the 
resulting formation of the figures. This might be thought of as a kind of 
surface tension effect, such as gives rise to the formation of drops. An¬ 
other view is that the molecules are squeezed out of their normal shape 
or out of their normal orientation with respect to one another. When the 
pressure is released they assume their more normal orientation and the 
figures result. 

The general shape of the figures might be worthy of a mathematical 
investigation. Also, it would be interesting to study the figures formed 
when the plates were made of other transparent substances such as quartz, 
mica, and various resins. 


SUMKARY 

Figures are formed in greases or liquids of the proper viscosity when the 
substance is placed between smooth plates and pressure is applied and 
subsequently released. The figures are holes in the material, and their 
shape depends upon the viscosity and composition of the material used. 
The figures are formed in a wide variety of chemical compounds, including 
the very polar and the very non-polar. There is no parallel between 
compounds that form the figures and compounds that form liquid crystals. 
The viscosity and ^'stickiness^' of the material were the only properties 
that were observed to be associated with ability to form the figures. 

I wish to express my appreciation to Dr. Prank M. Goyan for several 
helpful discussions during the course of this work. 
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The relationship between the apparent molal volume of a strong elec¬ 
trolyte and the concentration has been represented by Masson (37) and 
Geflfcken (8, 9) through the empirical rule 

0 = 0® + (1) 

where <t> is the apparent molal volume and c is the concentration in moles 
per liter. From the definition of the apparent molal volume 

V = nivj -h n2fl> (2) 

where V is the volume of the solution, ni and n 2 are the number of moles 
of solvent and solute, respectively, and vj is the molal volume of the 
solvent, the relation follows between apparent molal volume and specific 
gravity: 

^ W* 1000 8 - 8® 

^ = - 

(wi is the molal weight of the solute; s and are the specific gravities of 
the solution and solvent, respectively.) 

A formula similar to equation 1 has been derived from the Debye- 
Hiickel theory in the first papers of this series (41, 43, 44). According to 
this theory the free energy, F, of the solution of a strong electrolyte is 
given in the limit of low concentrations by^ 

F = niF? + n 2 [Fl + vRT In m - K{D, (4) 

where fJ and fS are the partial molal free energies of solvent and solute, 
respectively, in the reference states; D is the dielectric constant of the 
solvent; m is the molality; K is a. function of D and T given by the Debye- 
Hfickel theory; w = iXviz] ; Vi is the number of ions of species i formed 
by one molecule of the electrolyte; v = Zvi ; and Zi — valence. 

Applying a well-known thermodynamical relation we obtain 

(S)„ - - «.v! + «.[^: + t(D, T. (5) 

^ Bachem (2) expressed the opinion that in the logarithmic term of the following 
formula c should be used rather than m. As this term follows from the laws of the 
perfect dilute solution, we cannot see any basis for this opinion (c/. Lewis and 
Randall (36)). 
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where fi is the compressibility of the solvent. The function k is given by 

irN yWldD A 

* ^\Db) \10Q0 t) \£>dP 3/ 

where R is the gas constant in cc.-atmos., € is the electric charge of a 
univalent ion, b is Boltzmann’s constant, N is Avogadro’s constant, and 
the pressure is in atmospheres. 

Comparing Equations 2 and 5 we have 

+ (7) 

Although similar to Masson’s rule (equation 1), this theoretical formula 
has an entirely different meaning. While the empirical rule is claimed to 
represent the data over a considerable concentration range, formula 7 
cannot be expected to be more than a limiting law for low concentrations. 
This fact was stressed as early as 1931 (43, 44). But there is another 
important point. The empirical rule has always been used with different 
coefficients for different electrolytes; the theoretical equation, however, 
postulates a single coefficient fc, common to all electrolytes and dependent 
only on the temperature and the nature of the solvent. 

Although we believed that the experimental material available in 1931 
was sufficient to confirm equation 7 (44), various objections have since 
been raised. These objections, summarized by Stewart (49) (c/. 50), con¬ 
cern (a) the question as to whether the square-root law is characteristic 
of electrolytes alone or applies to non-electrolytes as well, (b) the experi¬ 
mental proof with improved data, and (c) the valence factor. 

A thorough discussion of all objections seems desirable, as formula 7 
was derived from the theory of Debye and Hfickel by means of thermo¬ 
dynamics alone. Any failure of equation 7 would indicate therefore the 
invalidity of the theory. 


NON-ELECTROLYTEB 

A linear relationship at low concentrations between molal volumes (or 
some other properties like the logarithms of the activity coefficients, molal 
heat contents, and capacities) and the square root of the concentration is 
characteristic of strong electrolytes alone. According to extensive investi¬ 
gations by Hildebrand (23, 24, 25), Scatchard (46), Guggenheim, London, 
Kratky and other authors, deviations from the laws of the perfect solution 
are to be represented by firstrpower terms in the case of non^Uctrolytes. 
This holds true even for strong dipoles (32). 

Contrary to some earlier statements, very accurate data for sucrose (42) 
and urea (22) give evidence for the linear relationship between the apparent 
molal volumes and the first power of the concentration. Some amino 
acids, though strong dipoles, are characterized by a linear relationship 
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to the first power, while the corresponding salts obey a square-root 
relation (5). 

A comparison of the plots given in the two papers quoted above (42, 22) 
can hardly leave any doubt as to the validity of the linear relationship to 
the concentration. However, a still more significant criterion of general 
applicability may be indicated. We have for apparent molal volumes 
(and similar properties): 

Electrolytes; fimte, therefore (^)__^ - « (8) 

Non-electroI)rt/es: ^ finite, therefore =0 (9) 

The curves representing the apparent molal volumes of sucrose and urea 
are in striking accord with relation 9. 

Relation 8 explains, by the way, why some early and promising attempts 
to develop the deviations from the laws of the perfect solution in a Taylor 
series with respect to c (27, 38) could not succeed in the case of strong elec¬ 
trolytes. The only condition of convergence, that all differential quo¬ 
tients be finite, is not satisfied. 

TEST OF EQUATION 7 

Some questions arising in an experimental test of equation 7 were dis¬ 
cussed in 1931 (44). From the data given by Baxter and Wallace (4), by 
far the most accurate then available, the values 

k = 2.8 (0®C.); k = 1.7 (25^C.); k = 1.5 (50T..) (10) 

were derived for aqueous solutions. 

Only data of outstanding accuracy may be used for a decisive test. 
Such data have been published by Gefifcken, Beckmann, Kruis, and Price 
(11, 12, 13, 14, 34), by Gibson (15), and by Wirth (52). From the results 
obtained by Jones and his collaborators (28, 29, 31) the figures given for 
ionic strengths higher than 0.02 have been included in the following 
diagrams. Prang^s data (40) are not quite as precise as Wirth^s, although 
the same method was used.^ 

* An additional confirmation of equation 7, however, may be seen in Prang's 
results. That Prang's valence factor for uni-divalent salts does ’not agree with 
Qeffcken's figure is explained by the fact that he calculates molal volumes while 
Geffcken uses equivalent volumes. One must not, as Prang does, assume the 
polarizability for long waves to be independent of pressure in the case of a dipole 
liquid like water. In fact, the correct order of magnitude of Prang's figure for k 
is caused by a numerical error only. The formula given by Prang for the apparent 
molal volumes applies actually to the partial molal volumes, the coefficients differing 
by the factor 2/3. 
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The following discussion is not claimed to comprise all pertinent ma- 
terial. The author believes, however, that the data used furnish an appro¬ 
priate basis for a conclusive test of equation 7 and for a numerical value 
of k at 25°C. and, moreover, that a discussion of any number of less accurate 
data would be of little value in testing equation 7. 

In figure 1 the quantity ip — 4? of a, few uni-imivalent salts is plotted 
agmnst This diagram agrees exactly with what we would expect: 
namely, a common limiting slope, excellently defined by each series of 



Fia. 1. Apparent molal volumes of uni-univalent salts 
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measurements, and individual deviations from the limiting tangent in¬ 
creasing with increasing concentration. 

Table 1 contains the values of 0®, in part considerably different from the 
figures of previous authors. These values have been used in plotting 
figures 1 and 2. 

Wirth (^) has sdready pointed out the inconsistency of the values 
to be derived for these salts. The value ^®(KBr) 33.71, which we find 

from the figures of Jones and Bickford (28), would eliminate the dis- 
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crepancy between chlorides and bromides but the discrepancy between 
these salts and the sulfates would still remain. 

The discrepancy exceeds considerably the uncertainty of the extrapola¬ 
tions involved. There must be a systematic error which we are unable 
to locate in some of the experimental data. 

The value 

* = 1.86 =b 0.02 (26°C.) (11) 

has been derived from the data represented in figure 1. 

The molal volumes of ammonium nitrate are less suitable for deter¬ 
mining the value of fc, since ammonium salts behave somewhat irregularly 
(c/. 47). However, even in this case the limiting slope has been con¬ 
firmed (12, 14). 

Batueeas (3) did not extend his determinations of the densities of 
sodium and potassium chloride at 0®C. to very low concentrations. Ac¬ 
cording to his figures a provisional value k = 2.4 for 0°C. may be assumed. 


TABLE 1 

Molal volumes at infinite dilution 


KCl. . .. 

26 81 

KBr .. 

33.97 

KjSOi .. .. 

32.44 

SrCl*. 

17.94 

NaCl .. ., 

16.61 

NaBr . 

23.48 

Na2S04 . . 

11.64 



K - Na. .. 

10.20 


10.49 


10.40 




THEORETICAL VALUE OP THE COEFFICIENT 

Using Falckenberg's (7) value for dD/dP we had calculated (43), accord¬ 
ing to equation 6, 

fc = 1.8 db 0.6 (16®C.) (12) 

This value agrees with equation 11. 

Gucker (18), however, pointed out that more recent determinations of 
the dielectric constant of water at high pressures by Kyropoulos (35) 
should be used, resulting in the value 

k = 2.53 (20®C.) (13) 

The discrepancy between this figure and all others cannot be satisfac¬ 
torily explained. From Falckenberg’s determination at 200 atmospheres 
the value (l/I>)dD/dP = 46 X 10“® atmos.""^ is obtained. The results of 
Kyropoulos, who gives smoothed values in intervals of 500 atmospheres 
up to 3000 atmospheres, can be represented by 

D = 80.79(1 + 69.2 X 10"*P - 3.28 X 10"*P* 

- 1.61 X 10~“P* + 0.42 X 10~“P*) (14) 
SO that (l/D)dD/dP — 59.2 X 10“* at atmospheric pressure. 
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The assumption that the measurements of both authors are correct 
gives an inflexion point between 200 and 600 atmospheres,—a result per¬ 
haps not implausible in the case of a liquid as abnormal as water. How¬ 
ever, using a somewhat indirect but fairly probable method we can 
invalidate this assumption. 

The contraction caused by the electric charges of the ions in the limit 
of infinite dilution, the ‘^electrostriction,^' has been found by Drude and 
Nemst (6) to be proportional to (l/D*)dD/dP.® Kritschewsky (33) has 
shown that the electrostriction may be made responsible for practically 
the entire variation of the limiting values, vj , of the molal volumes with 
increasing pressure. One may therefore expect fl , at different pressures, 
to be a linear function of (l/D^)dD/dP; this has been confirmed by Krit¬ 
schewsky in the cases of sodium chloride and potassium sulfate on the 
basis of Kyropoulos^ results.^ 

The whole set of Kyropoulos’ data must therefore be considered incon¬ 
sistent with the other figures. Only new experimental work is likely to 
bring about a final decision. 

POLYVALENT ELECTROLYTES 

The values of ^ for strontium chloride, sodium sulfate, and po¬ 
tassium sulfate are represented in figure 2. The dashed straight line 
indicates the slope resulting from equations 7 and 11 with ly = 3. 

The limiting slope of the strontium chloride curve agrees precisely with 
the predicted value. The experimental material for the two sulfates is 
somewhat scanty at high dilutions, so that no definite conclusion can 
be drawn. 

The molal volumes of lanthanum chloride, computed from data of Jones 
and Bickford (28), can be represented by a straight line in a plot with 
the slope 6®^^ X 0.79 between c = 0.025 and c = 1. It is possible, how¬ 
ever, that the molal volume curve turns below c ~ 0.025, as Jones and 
Bickford found that deviations of the conductivity persisted to still lower 
concentrations. The available density data do not give any hint of 
this turn. 

NON-AQUEOUS SOLUTIONS 

The discussion of non-aqueous solutions is restricted by the fact that 
adequate data for both dD/dP and densities are available only in the case 

* The electrostriction can be deduced from the common formula of the electric 
energy of a charged sphere in the same way as formula 5, which represents, indeed, 
nothing else but the dependence of the electrostriction on concentration (e/. 
Gross (17)). 

* Values of vj obtained by means of the c*/* relationship should be used instead of 
the values given by Adams (1). In addition, we find minor differences from Krit- 
schewsky’s values of (l/i>’)dZ)/dP when using formula 14. But the general conclu¬ 
sion is not altered by these modifications. 
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of methyl alcohol. Some results obtained by Vosburgh, Connell, and 
Butler (51) are represented in figure 3. The agreement with the theoretical 
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Fig. 3. Apparent molal volumes of uni-univaicnt salts in methyl alcoholic solution 

slope, based on Falckenberg's (7) measurements and indicated by a dashed 
line, is very satisfactory. The results of Jones and Fornwalt (30) on 
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ammonium chloride and potassium iodide also agree fairly well with the 
theoretical equation. Stark and Gilbert (48) did not extend their deter¬ 
minations to very low concentrations. 

APPLICATIONS 

The interpolation of specific gravities of dilute solutions of strong electro¬ 
lytes and particularly the extrapolation should be carried out according 
to the theoretical formula 7. 

A relation between s and c may be obtained by eliminating ^ from equa¬ 
tions 3 and 7. We omitted to state this relation in our first papers, because 
we wished equation 7 to be considered as a limiting law only. A corre¬ 
sponding formula, given by Root (45), has been used by several authors 
with individual coefficients consistent with Masson’s rule rather than with 
the theoretical equation. Nevertheless it has proved useful for interpola¬ 
tion in many instances. 

A correct representation of the apparent molal volumes is given by the 
series 

« = ... (16) 

We obtain from equations 3 and 16 

1000(s - s®) = ac - a'fcto’V'* + /3c* -I- rc* -t- ... (17) 

where 

a = Wa — ^* 8 ® (18) 

The value 

8 ®fc = 1.85 (19) 

should be used for aqueous solutions at 25®C. 

The number of inffividual constants «, /3, 7 ... required in equation 17 
depends on the nature of the electrolyte, the range, and the precision de¬ 
sired. In many cases the term /3e* will be sufficient. 

The following method is likely to be the most convenient for determining 
the coefficients a, j9, y of equation 17.® The quantity 

(s — 8®) — 8 ®A!c*^* <= a -1- /Sc -b 7C® -!-••• (20) 

c 

is computed from experimental data and equation 19. This quantity can 
in almost any case easily be {dotted i^ainst c with the precision required. 
If the experimental points may be connected by a straight line, the con¬ 
stants a and 0 are immediately ^ven. In the case of a distinct curvature, 

* A siimlar method has been devised already by Quoker (20); </. also Gibson (16). 
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three points of a smoothed curve are used for calculating jS, and 7 . The 
specific gravities should be recalculated from the resulting formula for all 
experimental points, and minor adjustments of the coefficients should be 
carried out if systematic deviations occurred. 

The quotient (s — s®)/c loses little accuracy in an extrapolation to zero 
concentration according to equation 20. Up to a certain concentration 
the differences s — are found, therefore, with higher precision by extra¬ 
polation than by direct measurement. Numerous series of measurements 
have been extended far below that limit. 

The limit is determined by the probable error of the numerical value of 
fc; for aqueous solutions at 25®C. the limits are as follows: 

wc = 0.03 if the accuracy of s equals 10“^ 

= 0.1 if the accuracy of s equals 10~* 

== 0.6 if the accuracy of s equals 10“*® 

There is no use in extending measurements miich below these limits (say 
to one-tenth of the limit concentration). 

On the other hand, measurements should be extended at least to these 
limits to furnish the best possible basis for determining the numerical value 
of A; as well as individual deviations from the limiting law. 

Many authors, early and recent, have attempted to investigate molecular 
changes occurring in solutions by discussing volume changes. This aim 
has often been frustrated by the interfering effect of the electrical interac¬ 
tion between ions, Geffcken and Price (14) succeeded in splitting the two 
effects in the case of the second dissociation of sulfuric acid and of the 
hydrolysis of sodium carbonate. A similar application was made by 
Hoather and Goodeve (26) in a discussion of the molal volumes of sulfuric 
and sulfurous acids. 

Gucker (18, 19) and Geffcken (10) derived a square-root formula of the 
apparent molal compressibility. The experimental data then available 
were hardly sufficient. In the meantime this formula has been confirmed 
by measurements carried out with the aid of ultrasonic weaves (2, 39). 

A similar formula has been deduced and discussed by Gucker for the 
apparent molal expansibility. 


SUMMARY 

The difference between Masson's empirical rule and the square-root 
relation between molal volumes and concentration derived from the theory 
of Debye and Hiickel is stressed. The latter is verified by means of the 
available data for aqueous and non-aqueous solutions. The value k = 
1*86 zk 0.02 is derived for aqueous solutions at 25^0. 
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The molal volumes of non-electrolytes in dilute solutions depend linearly 
on the first power of the concentration. 

The theoretical formula should be used as a limiting law only and with a 
common coefficient varying only with the temperature and the solvent. 

A formula for interpolating and eictrapolating molal volumes is indicated. 
Below a certain limiting concentration densities are determined by means 
of extrapolation better than by direct measurement. 
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The study of ternary systems of water-miscible organic liquids, salts, 
and water was initiated by Frankforter and Fraiy (2), who studied metha¬ 
nol, ethanol, and 1-propanol and various salts and reported that potassium 
carbonate was the only salt that would salt out methanol, while many 
salts salt out ethanol. Frankforter and Cohen (1) studied acetone and 
several salts, and Frankforter and Temple (3) studied some of the higher 
alcohols. Further work has been done since 1930 by Ginnings and Chen 
(4), who used 2-propanol and various salts at 25®C.; by Ginnings and 
Robbins (7), who used tertiary butyl alcohol (2-methyl-2-propanol); by 
Ginnings, Herring, and Webb (6), who used 1-butanol; and by Ginnings 
and Dies (6), who used allyl alcohol. Ginnings and coworkers developed 
mathematical relationships for the equilibrium curve. 

This work was started to study the salting-out effect on the dihydric 
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alcohol ethylene glycol and its dehydration product dioxane. Both 
compounds are miscible with water in all proportions. 

EXPBBIMBNTAL 

Ethylene glycol could not be salted out from its aqueous solution by 
potassium carbonate. Eleven solutions were made up, varying in known 
weight composition from pure water to pure glycol; each was then shaken 
with a small excess of solid anhydrous potassium carbonate until saturated. 
The potassium carbonate in a weighed sample was titrated, and the 
composition of the liquid phase was determined by a materials balance. 



Fro. 1. The systems ethylene glycol-potassium carbonate-water and dioxane- 
potassium carbonate-water. 

The dioxane was found to be salted out of water solution by potassium 
carbonate. The synthetic method was used to determine the phase 
rdationships. A few milliliters of concentrated potassium carbonate 
solution of known density and composition was placed in an oil sample 
bottle, and dioxane was delivered from a buret imtil two layers formed. 
Water was delivered to the mixture from a buret until the mixture just 
became homogeneous. The weight composition of this solution was 
calculated from the known volumes and densities and represented a 
point on the equilibrium curve, .^ditional dioxane was added to 
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this homogeneous solution, and the procedure was repeated to give addi¬ 
tional points. Phenolphthalein was used to assist in determining the 

TABLE 1 


The system ethylene glycol-potassium carbonate-water 


COMPOSmOK AT 26”C. 

coifPosmoM AT 40*0. 

Glycol 

PotAssium 

carbonate 

Water 

Glycol 

Potassium 

carbonate 

Water 

weight per cent 

weight per cent 

weight per cent 

weight per cent 

weight per cent 

weight per cent 

0 

62.8 

47.2 

0 

53.9 

46.1 

5.6 

50.0 

44.5 

5.4 

50.9 

43.7 

11.8 

46.2 

42.0 




18.4 

43.0 

38.6 

17.8 

44.7 

37.5 

26.1 

38.7 

35.2 




33.9 

36.7 

30.4 

33.6 

36.3 

30.1 

42.5 

32.1 

25.4 

41.7 

33.5 

24.8 

51.5 

28.8 

19.7 

51.6 

28.8 

19.7 

60.4 

26.2 

13.4 




68.2 

24.8 

7.0 

67.7 

25.4 

6.9 

74.4 

25.6 

0 

73.5 

26.5 

0 


TABLE 2 

The system dioxane-poiassium carbonate-water 


Representative points selected from a large number of experimental values 


couBoemov at 0*C. 

coMPoemoN at 25*C. 

COMPOSITION AT 40*C. 

Dioxane 

Potassium 

carbonate 

Water 

Dioxane 

Potassium 

carbonate 

Water 

Dioxane 

Potaauum 

carbonate 

Water 

weight 

per 

cent 

weight 

per 

cent 

weight 

per 

cent 

weight 

per 

cent 

weight 

per 

cent 

weight 

per 

cent 

weight 

per 

cent 

weight 

per 

cent 

weight 

per 

cent 

0 

61.7 

48.3 

0 

62,8 

47.2 

0 

53.9 

46.1 

0.66 

40.64 

58.8 

0.9 

39.0 

60.1 

1.0 

39.7 

59.3 

1.06 

37,6 

61,34 

1.7 

33.7 

64.6 

2.5 

30.0 

67.6 

2.1 

32.0 

66.9 

3.7 

27.5 

68.8 

4.1 1 

25.3 

70.6 

5.0 

26.7 

69.3 

6,2 

22.9 

70.9 

5.7 1 

22.6 

71.7 

8.8 

21.0 

70.2 

10.9 

17.6 i 

71.5 

9.1 

19.0 

71.9 

11.0 

18.9 

70.1 

13.9 

15.5 

70.6 

14.2 

15.1 

70.7 

16.5 

14.5 

69.0 

22.5 

1 10.8 

66.7 

22.6 

10.6 

66.8 

20.2 

12.3 

67.5 

31.0 

1 6.8 

62.2 

26.4 

8.7 

64.9 

23.3 

10.6 

66.1 

41.12 

3.22 

55.66 

32.67 

5.96 

61,37 

25.0 

9.8 

65.2 

! 48.38 

1 1.66 

49.96 

44.12 

2.54 

63.34 

27.9 

8.3 

63.8 

58.44 

0.31 

41.25 

58.44 

0.31 

41.25 

35.8 

4.8 

59.4 

1 67.59 

0.21 

32.2 

67.59 

0.21 

32.2 

100 

0 

0 

100 

0 

0 

100 

0 

0 


presence of two phases, as it is soluble in the dioxane-rich phase. Several 
tie lines were determined by analyzing solutions containing two liquid 
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layers. From these the conjugate line was determined and the plait point 
found as the intersections of the equilibrium curve and the conjugate line. 

RESULTS 

The data at 26®C. are shown in figure 1. The equilibrium curve for 
glycol is shown by line AD\ that for dioxane by riJSC, for which the con¬ 
jugate line is EBO showing the plait point at 5. The data for glycol at 
25® and 40®C. are given in table 1; for dioxane at 0®, 25®, and 40®C. in 
table 2. 

The equation for the equilibrium curve for dioxane-potassium carbon- 
ate~water was determined: 

Water-rich layer, AB: y = -0.35 + 60.2(10)“« »^*' 

Dioxane-rich layer, BC: y == 100 — 

y = weight per cent of dioxane; a: = weight per cent of potassium carbonate. 

The effect of temperature is very slight, as the various isotherms prac¬ 
tically coincide. The only change with temperature is the increased 
solubility of the potassium carbonate in water with a corresponding shift 
upward of the water-rich layer. 

SALTING-OUT EFFECTS 

The theory of salting out is not well understood, and no theory has 
been advanced which will account for all the phenomena involved. Thirty- 
one salts were qualitatively tested to determine whether or not they would 
salt out glycol and dioxane. A saturated aqueous solution of the salt 
was made, the non-electrolyte was added dropwise, and the formation of 
two immiscible layers was noted. None of the salts salted out ethylene 
glycol from its aqueous solution. Dioxane was salted out by the following: 
sodium hydroxide, sodium chloride, sodium carbonate, sodium sulfate, 
sodium acetate, ammonium chloride, ammonium sulfate, potassium 
carbonate, potassium fluoride, potassium formate, potassium acetate, 
lithium bromide, lithium acetate, calcium chloride, strontium chloride, 
and strontium chlorate. 


SUMMARY 

1. Solubilities in the system ethylene glycol-potassium carbonate- 
water at 25® and 40®C. have been determined. The liquid phase remains 
homogeneous for all compositions. 

2. Solubilities in the system dioxane-potassium carbonate-water at 0®, 
25®, and 40®C. have been determined. Two liquid phases are formed in 
this system. 

3* Of thirtyK)ne electrolytes tried, none would salt out ethylene glycol 
but sixteen salted out diPxane. 
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SOLID POLYIODIDES OF RUBIDIUM^ 

H. W. FOOTE and MICHAEL FLEISCHER 
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Rubidium triiodide was first prepared by Wells and Wheeler (9). 
Solubility results in water solutions at 25°C. by Foote and Chalker (5) 
and freezing point measurements by Briggs and Patterson (2) on rubidium 
iodide-iodine mixtures show that this is the only binary polyiodide of 
rubidium at temperatures of 25®C. or above. However, the work of 
Abegg and Hamburger (1) by the solubility method with benzene as 
solvent indicated the existence of three compounds which they believed 
to be Rbls, Rbl?, and Rbig. In the light of the results obtained in this 
laboratory on the polyiodides of potassium (3) and cesium (4), it seemed 
likely that the two higher polyiodides of rubidium reported by Abegg 
and Hamburger were actually ternary compounds containing benzene of 
crystallization. We have therefore studied the systems rubidium iodide- 
iodine-benzene and rubidium iodide-iodine-toluene at 6° and 25®C. 

The experimental procedure and the purification of materials have been 
described (3). Rubidium iodide was prepared from a pure sample of the 
nitrate by fusion in platinum with oxalic acid and subsequent evaporation 
with excess hydriodic acid. The material was twice recrystallized as the 
triiodide, and was converted to the iodide by gentle heating. 

The system rubidium iodide-iodine-toluene proved to be very simple 
(see table 1). No solvated compounds exist, as shown by closed-tube 
tests on residues, and both the iodide and triiodide are insoluble in the 
solvent, so that the composition of all residues could be calculated from 
the known original charges and the analytically determined iodine con- 

^ This article is based on a thesis presented by Michael Fleischer to the Faculty 
of the Graduate School of Yale University in partial fulfillment of the requirements 
for the degree of Doctor of Philosophy, June, 1933. 
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centration in the solution. As found by the earlier workers by other 
methods, the triiodide is the only stable binary compound. The average 
of the six results on rubidium triiodide is 64.61 per cent available iodine, 
in excellent agreement with the theoretical value, 64.46 per cent. 

Qualitative tests at the iodine end of the system rubidium iodide- 
iodine-benzene showed that the residues were solvated. The system 
proved to be rather perplexing and a large number of determinations was 
carried out. Considerable trouble was caused by persistent metastable 


TABLE 1 

The ayatem rubidium iodide-iodine-ioluene 


■■BZAXi NO. 

XODINX IN 
■OLtmON 

AYAILABLS lODXNS 
XN RKSIDUN 

SOLID PHABX8 PBIBBNT 

t - 6®C. 


weight per cent 

weight per eent 


1 

2 

0.19 

0.21 

9.18 

49.95 

1 Rbl and Rblg 

3 

0.76 

64.67 


4 

1.02 

54.49 

1 Rbli 

5 

7.03 

54.47 

J 

6 

7 

10.19 

10.33 

60.69 

90.33 

J Rbli and 1* 

t « 25^C. 

8 

0.39 

7.91 


9 

0,41 

48.74 

Rbl and Rbl« 

10 

0.40 

49.33 


11 

1.83 

54.54 


12 

14.90 

56.10 

Rbl, 

13 

16.07 

53.90 


14 

16 

15.40 

15.46 

02.85 

93.77 

1 Bbl, and I, 


equilibria. It was found necessary to grind the solids very fine, and to 
shake the bottles vigorously before placing them in the thermostat. The 
solubility results show that there are four points of constant solution 
composition with varying solid phase composition at each temperature; 
three compounds are present, two of which are solvated. The results 
at both temperatures are given in table 2. AU compositions are in weight 
per cent; 

As indicated in table 2, three different metiiods were used to obtain the 
compositions of the solid residues in different parts of the system. When 





TABLE 2 

The eyetem rubidium iodide-iodine-hemene 






MBTBOD 



BOUD RBBIDVB 

OP DBTSB- 


lODINB IN 
BOLtTTION 




MININQ 

SOLXDB PBEBENT 

Hbl 

Available 

iodine 

Benzene 

C0MP08I* 
TION OP j 
BBBIDUB 




t « 6*‘C. 



wHgkt 

weight 


weight 




per cent 

per cent 

per cent 

per cent 



1 ' 

0.17 

91.56 

8.44 

0.0 

a* 

1 Rbl and Rbis 

2 

0.18 

50.93 

49.07 

0.0 

a 

3 

0.61 

46.00 

54.00 

0.0 

a 

1 Rbl, 

4 

3.71 

45.65 

54.35 

0.0 

a 

5 

6 

4.08 

4.07 

26.1 

22.1 

57.6 

58.2 

16.3 

19.7 

b 

b 

1 Rbl, and RbI,.4C,H, 

7 

4.24 

16.82 

62.93 

20.25 

c 


8 

4.49 

16.87 

62.50 

20.63 

c 


9 

4.99 

16.23 

62.46 

21.31 

c 


10 

11 

5.34 

5.70 

15.80 

15.79 

60.86 

62.83 

23.34 

21.38 

c 

c 

^ Rbl7*4C6H* 

12 

5.75 

15.90 

59.18 

24.92 

c 


13 

5.97 

16.27 1 

60.47 

23.24 

c 


14 

6.92 

16.18 

61.63 j 

22.19 

c 


15 

6.98 

16.1 

60.3 

23.6 

b 


16 

7.00 

15.4 1 

61,4 

23.2 

b 

i RblT-4C.H, and RbI,-4C,H, 

17 

6.98 

15.0 

62.9 

22.1 

b 

J 

18 

7.17 

14.43 

65.89 

19.68 

c 


19 

7.58 

13,27 

62.26 

24.47 

c 


20 

21 

7.88 
7.95 1 

13.32 

13.90 

62.82 

66.76 

23.86 

19.34 

c 

c 

[ RbI.-4C,H. 

22 

8.15 1 

13.55 

64.83 

21.62 

c 


23 

8.53 1 

14.13 

63.22 

22.65 

c 


24 

8.72 

14.8 

63.5 

21.7 

b 

] 

25 

8.71 ! 

12.0 

70.3 

17.7 

b 

f Rbl,-4C<dI< and I, 

26 

8.69 

8.8 

78.2 

13.0 

b 

1 


i - 25^0. 


27 

0.37 

91.93 

8.07 

0.0 

a 


28 

0.36 

50.13 

49.87 

0.0 

a 

> Rbl and Rbls 

29 

0.38 

46.66 

53.34 

0.0 

a 


30 

0.99 

45.49 

54.51 

0.0 

a 


31 

6.05 

45.70 

54.30 

0.0 

a 

Rbli 

32 

8.06 

45.76 

54.24 

0.0 

a 



* a, residue unsolvated, composition calculated as in toluene system; b, composi¬ 
tion of residue calculated algebraically; c, composition of residue determined by 
analysis. 
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TABLE i—Ccndvdad 


ftSaXAL 

ZODIMB ZM 

•OUO 11B8IDI7B 

MaTBon 
or DBTBB- 

lOMZMCI 

SOUI>S PRBiBMT 

1 

MO. 

soiLxrnoM 

Rbl 

Available 

iodine 

Beniene 

COMTOBl- 
TZON OP 
aaaiDUB 




t » 

25®C.— CorUinued 


weight 
per cent 

weight 
per cent 

weight 
per cent 

weight 
per cent 



33 

34 

9.19 

9.13 

41.3 

16.8 

55.1 

59.1 j 

3.6 

24.1 

b 

b 

1 Rbl. and RbIr4C.H. 

36 

9.68 

15.69 

63.91 

20.40 

c 


36 

9.79 

16.59 

64.60 

19.81 

c 

Rbl7-4C*H6 

37 

10.04 

15.55 

61.54 

22.91 

c 


38 

39 

10.92 

10.88 

16.2 

15.2 

60.0 

62.4 

23.8 

22.4 

b 

b 

1 RbI,-4CiH. and Rbli-4CJI. 

40 

11.61 

13.92 

66.86 

19.22 

c 


41 

42 

12.85 

13.44 

14.18 

14.11 

66.34 

64.78 

19.48 

21.11 

c 

c 

^ Rbl8-4CgH« 

43 

13.65 

13.94 

64.85 

21.21 

c 


44 

14.13 

12.7 

68.6 

18.7 

b 


45 

14.15 

10.4 

74.2 

15.4 

b 

RbIr4C6H. and I, 

46 

14.31 

3.2 

92.1 

4.7 

b 



the residue was unsolvated, the composition of the residue was calculated 
as in the toluene system. When two solid phases, one or both of which was 
solvated, were present, the composition of the solid residue was calculated 
algebraically. When the solid residue consisted of one of the ternary 
compounds, it was analyzed for available iodine and for rubidium iodide, 
after being dried between filter papers. 

The solubility data in table 2 show that three compounds are present 
at each temperature. The presence of rubidium triiodide is shown by 
the results, the average of the five runs in which it was the solid phase being 
54.28 per cent available iodine in the residue (theoretical value, 54.45 
per cent). 

The molecular composition of the ternary compound lower in iodine, 
as determined from the analyses in table 2, is given in table 3(A). Since 
the solid analyzed always contained free iodine derived from the evapora¬ 
tion of mother liquor, the molecular ratios are always high for available 
iodine. The results in table 3(A) indicate that the formula of the ternary 
compound is RbI'6I*4C«He. However, it is apparent that if the ratio 
Rbl:CsH( in the solid phase is known, the composition of the solid phase 
can be calculated as in the toluene system. Such a calculation has been 
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carried out for each experiment in which the compound was present, 
assuming the ratio RbliCcHe to be 1:4. The results of this calculation, 
given in table 3(B), confirm the formula above, the ratio I:RbI being, 
as expected, much closer to 6 than the ratio derived from the direct 
analyses. 

The molecular composition, calculated from the analyses in table 2, of 
the ternary compound higher in iodine is given in table 4(A). From the 
analyses, the ratio I;RbI appears at first glance to be 8:1. However, it 
must be remembered that the solutions from which the solid was removed 
for analysis were high in iodine content, so that even a small amount of 

TABLE 3 


Composition of ternary compound lower in iodine 


SBBIAL KO. 

(A) 

IIOLBCULAB RATIOS FROM ANALTSB8 

IN TABLE 2 

(B) 

RBSinUB CALCULATED ASSUMING 

RblrCeHe » 1:4 

Rbl : 

Available 

iodine 

CsRft 

Rbl 

Available 

iodine 

Ratio 

I: Rbl 





weight per cent 

I weight per cent 


7 

1,0 

6.26 

3.27 

16.22 

59.91 

6.18 

8 

1.0 

6.20 

3.33 

16.34 

59.62 

6.10 

9 

1.0 

6.44 

3.57 

16.38 

59.53 

6 08 

10 

1,0 

6.44 

4.02 

15.74 

59.53 

6.33 

11 

1,0 

6.66 

3.68 

16.33 

59.64 

6.11 

12 

1.0 

6.22 

4.27 

16.57 

59.05 

5.96 

13 

1.0 

6.22 

3.89 

17.07 

57.82 

5.67 

14 

1,0 

6.37 

3.73 

16.91 

58.23 

5.76 

35 

1.0 

6,82 

3.54 

15.93 

60.65 

6.37 

36 

1.0 

6.52 

3.08 

16.43 

59.40 

6.05 

37 ■ 

1.0 

6.62 

4.01 

16.09 

60.23 

6.26 

Average... 

o 

6.43 

3.67 

16.36 

59.42 

6.08 

Theoretical for RbI-6I*4CeH*. 

16.50 

59,18 

6.00 


evaporating mother liquor would deposit considerable free iodine. Allow¬ 
ing for the fact that the analyses are to be expected to show an excess of 
iodine, the formula of the compound would appear to be Rbl -TI ^CeHe. 
If the ratio Rbl.'CeHe is taken as 1:4 and the composition of the residue 
is calculated, the results given in table 4(B) are obtained. These con¬ 
firm the formula above with I:RbI = 7:1. Thus, the two ternary com¬ 
pounds have the formulas RbI*6I*4C6H6 and Rbl • 71 • 4C6H6, differing 
by one atom of iodine. No ternary compounds with analogous formulas 
have been reported in the literature, but we have obtained a very un¬ 
stable compound KSCN ‘6I-4C6He (6). It is rather interesting to note 
that the compounds CsF9I-2CeHe, KI^SI^SCeHe, and RbI-7I*4C6H6 
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differ by having one atom of iodine less and one molecule Of bensene more, 
in order. 

Recently Grace (8) published a study of the system rubidium iodide- 
iodine-benzene at 26®C. He also found two solvated compounds, but gave 
their compositions as Bbl • 61 • 2C«Hg and Rbl • 81 • 2C«He. It seems prob¬ 
able that the discrepancy in benzene content is due to the different meth¬ 
ods used by Grace and by us to prepare tlie solids for analysis. His 
method consisted in placing the material in an isoteniscope and pumping 
off slowly until the dissociation pressure of the compound, determined in 
a preliminary experiment, was reached. Grace’s results therefore give 
a lower limit^o^the benzene content. Our own method consisted in 


TABLE 4 

Componlion of Umary compound higher in iodine 


SBUAIg NO. 

(A) 

ICOLBOX7X*AB BATXOB FBOM ANALTBBB ^ 
Df TABLE 2 

i 

(B) 

RBBXDUB CALCULATBD AMUMIMG 

RbI:C«H6 - 1:4 

Rbl : 

Avallftblo 

iodine 

: CiHt 

Rbl 

Aveilable 

iodine 

Retio 

I:RbI 





weight per cent 

weight per cent 


18 

1.0 

7.64 

3.71 

14.68 

63.73 

7.27 

19 

1.0 

7.86 

5.02 

14.65 

63.80 

7.29 

20 

1.0 

7.89 

5.28 

15.04 

62.84 

6.99 

21 

1.0 

7.96 

3.74 

14.89 

63.12 


22 

1.0 

8.01 

4.34 

14.68 

63.73 

7.27 

23 

1.0 

7.48 

4.36 

15.13 

62.70 

6.92 

40 

1.0 

8.04 

3.75 

14.52 

64.14 

7.39 

41 

1.0 

7.83 

3.74 

14.83 

63.37 

7.16 

42 

1.0 

7.68 

4.07 

14.60 

63.94 

7.33 

43 

1.0 

7.78 

4.14 

14.78 

63.49 

7.19 

Average... 

1.0 

7.82 

4.22 

14.78 

63.49 

7.19 

Theoretical for RbI*7I*4C6Hi. 

15.02 

62.87 , 

7.00 


drying the solid between filter papers until decomposition had just begun, 
as told by a lightening of the color of the compound, then analyzing 
immediately. Our results should also give a lower limit to the benzene 
content, but it seems likely that Grace’s material had lost more benzene 
of constitution than had ours before analysis. It is difficult to decide 
the correct degree of solvation for such compounds, which are r^oved 
from solutions in volatile solvents and which lose their solvent of crystal¬ 
lisation so readily. Our formulas are based on twenty-one analjrses of 
the two compounds; Grace's formulas on four. 

The ratio I:RbI found by Grace for the ternary compound hij^ier in 
iodme was 8, which is in excellent agreement with our analyses of the 
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same compound. Nevertheless, as we have pointed out, this ratio appears 
incorrect, because of contamination of the sample with free iodine de¬ 
posited by evaporating solvent. At 26®C. the compound is stable only 
in contact with solutions containing over 11 per cent by weight of iodine, 
and it is impossible to dry the solution without contamination. The data 
in table 4(B) indicate also that the higher ternary compound has the 
ratio I:RbI = 7, not 8. 

The dissociation pressure of rubidium triiodide has been obtained from 
the solubUity results at 6® and 25®C. by the method previously ex¬ 
plained (4). The values of c/co for both solvents at both temperatures 

TABLE 6 


Showing the ratio cl co at 6° and for both Bolvente 

$OLlZM PBBflSMT 

lOOXNB IN 
80LX7TI0N 

i 

XODXNB XN BOLXTTXON 

1 

«/«o 

Toluene; t = 6®C. 

la and Kbit. . 

Rbli and Rbl. 

weight per cent 

10.26 

0.20 

moU per cent 

3.98 (co) 
0.0727 (c) 

0.0182 

Benzene; t » 6®C. 

la and Rbl8-4CeH6 . 

Rbis and Rbl... . .... 

8.71 

0.175 ' 

O 

0.0189 

Toluene; t — 25®C. 

laandRbla. 

Rbl, and Rbl. 

15.43 

0.40 

6.21 (co) 

0.146 (c) 

0.0234 

Benzene; t — 25®C. 

la and Rbl8-4C6H,. 

Rbl, and Rbl. 

14.20 

0.37 

4.84 (c) 

0.114 (c) 

0.0236 


are given in table 5. The agreement is within the error of the solubility 
determinations. 

From these values of c/co the dissociation pressure of rubidium triiodide 
is calculated to be 0.00101 and 0.00736 mm. at 6® and 26®C., respectively, 
and the heat of dissociation is —17.2 kg.-cal. In these calculations the 
vapor pressure of iodine has been assumed to be 0.0546 and 0.313 mm. at 
6® and 25®C., respectively. These vapor pressures were obtained by 
interpolation from the International Critical Tables. The values would 
be changed slightly if we had used the “best” values for the vapor pressure 
of iodine, 0.0556 and 0.309 mm. at 6® and 25®C., recently given by Gillespie 
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and Fraser (7). The older values were used so that tiw dissociation 
pressures calculated would be consistent with those given in our eariier 
papers. 


SUMMABT 

The systems rubidium iodide-iodine-toluene and rubidium iodide- 
iodine-benzene have been studied at 6“ and 25®C. The binary compound 
rubidium triiodide is the only compound stable at both temperatures in 
the toluene system. In the benzene system two ternary polyiodides, 
Rbl • 61 • 4C«He and Rbl • 71 ■ 4C(H(, are stable phases at both temperatures. 
The dissociation pressure of rubidium triiodide at both temperatures has 
been calculated from the solubility results. 
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ADDITION COMPOUNDS OF IODINE WITH ALKALI BROMIDES 
AND THIOCYANATES* 

H. W. FOOTE AND MICHAEL FLEISCHER 
Department of Chemistry, Yale University, New Haven, Connecticut 

Received June tO, 1999 

Addition compounds of iodine with the iodides of potassium (4), am¬ 
monium (6), rubidium (7), and cesium (6) have been studied in this 
laboratory by the solubility method. It seemed desirable to extend our 
work to study the addition of iodine to alkali bromides and thiocyanates 
in order to widen our knowledge of the stability relations of this type of 
addition compound. We used benzene and toluene as solvents, since oiur 
previous work had shown that only binary polyiodides are formed with 
toluene as solvent, but that there are a number of solvated ternary com¬ 
pounds composed of an iodide, iodine, and benzene. 

* This article is taken in part from a dissertation subnutted by Michael Fleischer 
to the Faculty of the Graduate Schoid of Yale University in partial fulfillment of 
the requiranents for the degree of Doctor of Philosophy, June, 1988. 
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The experimental procedure used and the method of purification of the 
iodine, benzene, and toluene have been described (4). The bromides were 
recrystallized from water solution and dried at 106®C. Their purity was 
checked by determination of the bromide content by precipitation of silver 
bromide. The thiocyanates were recrystallized from water solution and 
dried over phosphorus pentoxide. Analyses by titration with standard 
silver nitrate solution gave results close to the theoretical values for the 
thiocyanate content of each salt. 

ADDITION OP IODINE TO ALKALI BROMIDES 

The only addition compound of the alkali bromides and iodine reported 
in the literature is CsBrl 2 , prepared by Wells (9) by crystallization from 
water or alcohol solutions. Attempts to prepare analogous compounds 
with potassium bromide and rubidium bromide failed (10). The cesium 
compound was also obtained by Cremer and Duncan (3). The only 
equilibrium study on such systems was made by the latter workers, who 
studied the system potassium bromide-iodine-carbon tetrachloride at 
25^0. and found that no compounds were formed. 


TABLE 1 

The system rubidium bromide-iodine-hemerie at 6°C. 


lODIVB IN SOLUTION 

IODINE IN KBSIDUE 

SOLIDS PBB8SNT 

weight per cent 

weight per cent 


8.67 

10.77 

] 

8.70 

48.23 

1 RbBr and I> 

8.74 

94.03 

1 


We have studied the systems sodium bromide-iodine-benzene, potas¬ 
sium bromide-iodine-benzene, rubidium bromide-iodine-benzene, thal- 
lous bromide-iodine-benzene, cesium bromide-iodine-benzene, and cesium 
bromide-iodine-toluene at The system with thallous bromide was 
included because thallous iodide adds iodine to form two higher iodides, 
T1«I» and T1I» (1). No compounds were found in any of the systems 
except the two systems containing cesium bromide. The data for the 
four other systems are essentially identical and only that for the rubidium 
bromide system will be given (see table 1). These results show clearly 
that no compounds are formed. 

In these systems and in the two cesium bromide systems given in table 
2, the composition of the solid residue was calculated in each case from 
the known original mixture and the analytically determined concentration 
of iodine in the solution after equilibrium had been reached, as qualitative 
tests showed that no solvated phases were present and that the bromides 
were insoluble in the solvents. The results show clearly that only one 
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compound, CsBrIi, is stable in both systems. The average of the'five 
results in which the pure compound was present is 54.48 per cent iodine; 

TABLE 2 

The system cesium hromide-iodine-solvent 


•BRtAL KO. 

loozKS nr bolutiok 

lOpzNB zir BiazDiza 

•OLZDS PSBSBMT 

Toluene; t ■■ 6®C. 


weight per cent 

weight per cent 


1 

2 

0.90 

0.97 

24.20 

47.48 

1 CsBr and CsBrl* 

3 

4 

1.51 

9.63 

54.27 

54.71 

1 CeBrl, 

5 

6 

10.41 

10.31 

63.53 

86.93 

j CsBrIs and It 

Benzene; i - 6®C. 

7 

8 

0.83 

0.81 

24.82 

47.32 

1 CsBr and CsBrl* 

9 

1.43 

54.18 

1 

10 

5.82 

54.37 

\ CsBrIt 

11 

7.74 

54.86 

1 

12 

13 

8.67 

8.71 

64.61 

93.08 

1 CsBrIt and It 


TABLE 3 


Shovnng the ratio c/co in toluene and in benzene 


•OUMPBBSniT 

xopuram 

BOLunoir 

lOPiMB nr BOLimoK 

e/co 

Toluene; t «* 6®C. 

IiandCsBrl,. 

CsBrIt and CsBr. 

weight per cent 

10.36 

0.98 

mole per cent 

4.026 (c.) 
0.368 (c) 

0.0889 

Benzene; t - 6®C. 

It and CsBrIt. 

OiBrIt and CsBr. 

8.69 

0.82 

2.846 (e.) 
0.264 (e) 

0.0892 


the theoretical value is 54.41 per cent. No ternary compound containing 
benzene was formed, although such a compound was found in the system 
cesium iodide-iodine-benzene (6). 
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The dissociation pressure of CsBrl 2 at 6®C. has been calculated from 
these results by the method previously explained (6). The values of 
c/co for both solvents are given in table 3. From the average of these 
values of c/co, the dissociation pressure of CsBrl 2 at 6°C. is calculated to 
be 0.00486 mm., taking the vapor pressure of iodine at 6®C. to be 0.0546 
mm.* 


ADDITION OP IODINE TO ALKALI THIOCYANATES 

The remarkable similarities in the behavior of thiocyanates to that of 
iodides, bromides, and chlorides have often been pointed out in the past. 
Iodides and thiocyanates, especially, have been found to behave in almost 
the same fashion towards many reagents, a striking example being the 
formation of addition compounds with sulfur dioxide by both iodides and 
thiocyanates (8). Some years ago, in this laboratory, Dr. Joseph Fleischer 
observed that aqueous solutions of thiocyanates were remarkably good 
solvents for iodine. The solutions were not stable, however, as a slow 
reaction gave free sulfur, some thiosulfate, and other products. This 
reaction is well known and has been studied (2) for dilute iodine solutions, 
but, as far as we know, there is no mention in the literature of the fact 
that the solubility of iodine in thiocyanate solutions is of the same order 
of magnitude as its solubility in iodide solutions. 

It seemed probable that the alkali thiocyanates would form addition 
compounds with iodine similar to those formed by the alkali iodides. 
The reaction mentioned above precludes the study of such compounds in 
aqueous solution, but it was thought possible that the reaction would be 
sufficiently slow in non-aqueous solvents to allow solubility equilibrium 
to be reached before the side reaction had used up much iodine and thio¬ 
cyanate. Accordingly, we have studied the systems sodium thiocyanate- 
iodine-toluene, sodium thiocyanate-iodine-benzene, potassium thio¬ 
cyanate-iodine-toluene, potassium thiocyanate-iodine-benzene, am¬ 
monium thiocyanate-iodine-toluene, and ammonium thiocyanate-iodine- 
benzene at 6®C. 

The extent to which the side reaction was consuming iodine was deter¬ 
mined for each system by making up mixtures such that the solution was 
nearly, but not quite, saturated with iodine, rotating for 4 days in the 
thermostat, and analyzing the solution for iodine. In every case, there 
was a deficiency of iodine. In the four systems with potassium thiocya¬ 
nate and sodium thiocyanate, from 2 to 3 per cent of the total iodine had 
been used by the side reaction; in the two systems with ammonium thio¬ 
cyanate about 8 per cent of the iodine had reacted with the thiocyanate. 
The results obtained are therefore subject to some uncertainty. How¬ 
ever, the results showed clearly that no compounds were formed in any 

* By interpolation of the data in the International Critical Tahlee. 
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the six ^steins studied, excepting the ssrstem potassium thiocyanate- 
iodine-bensene. 

The data obtained in the five other systems are essentially identical 
and need not be given in detail, the data given below for the s}^tem po- 


TABLE 4 

The system potassium thioeyanate-iodine-toluene at 6*^0, 


lopurii IK soLvnoK 

lODlKK IN BBStDUa* 

BOUD rsAsm pbnbbiit 

v>tight per cent 

weight per cent 


10.21 

38.50 


10.29 

63.97 

f KBCN and I, 

10.18 

92.48 

1 


* Calculated from the amount of iodine originally added and the analytically 
determined concentration of iodine in the solution. The results have not been 
corrected for the iodine used by the reaction with thiocyanate. 


TABLE 6 

The system potassium tkiocyanate-iodine-hemene at 6''C, 




1 



MSTHOPOr 


BBBIAL 

NO. 

tooma IN 

SOLUTION 

SOUP BBSIPUB 

DXTNB- 

MININO 

COlfTOSl- 

SOUP PHASJDS rBBBBNT 



K8CN 

l2 

CtRe 

noN OP j 
BBKPUJB 



weight 

percent 

weight 

percent 

weight 
per cent 

weight 
per cent 



1 

7.34 

100.0 

0.0 

0.0 

a* 

KSCN 

2 

8.15 

78.63 

15.16 

6.21 

b 


3 

7.93 

27.89 

51.14 

20.97 

b 

KSCN and ternary com¬ 

4 

8.11 

22.74 

54.79 

22.47 

b 

pound 

5 

7.91 

12.86 

61,80 

25.34 

b 


6 

8.30 

8.47 

65.78 

25.75 

c 

] 

7 

8.45 

8.12 

63.61 

28.27 

c 

> Ternary compound 

8 

8.59 

7.83 

64.09 

28.08 

c 

] 

9 

10 

8.70 

1 8.69 

7.67 

6.60 

67.67 

72.24 

24.66 

21.16 

b 

b 

1 Ternary compound and L 


^ a. Residue unsolvated, composition calculated as in toluene system; b, composi¬ 
tion of residue obtained by algebraic extrapolation; c, composition of residue ob¬ 
tained by analysis. 


tassium thiocyanate-iodine-toluene being typical of all five. It is evident 
that there is no compound formation in this system. 

Qualitative tests showed that the solid residues at the iodine^rich end 
of the system potassium thiocyanate-iodine-bensjene were solvated. As 
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shown by the results in table 6, a ternary compound is formed in this 
system. It resembles those formed by the alkali iodides, but is much less 
stable. At a temperature below room temperature and estimated to be 
approximately 12®C. it melts incongruently and loses both iodine and 
benzene very rapidly. This increased the difficulty of analyzing the 
compound, as samples for analysis had to be dried and weighed extremely 
rapidly. 

The residues from Nos. 6, 7, and 8 were analyzed for available iodine by 
titration with thiosulfate solution, and for potassium thiocyanate by 

TABLE 6 


Compound formation of RX compounds with iodine at 6°C, in the presence of benzene 


B 

X-I 

X - 8CN 

X«Br 

Na .... 

None 

None 

None 

K. 

No binary compound 
Ki-siac^He 

No binary compound 
KSCN‘6I-4C6H« 

None 

NH 4 ... 

NH 4 I 1 

No ternary compound 

None 

None 

Rb. 

Kbit 

Rbb6I-4C.H. 

RbI-7I-4CeH6 


None 

Cs. 

Csis; C 8 I 4 

CsI-9I-2C6Hi 


CsBrIa 

No ternary compound 

T1. 

TUU; Til, 

No ternary compound 


None 


evaporating with sulfuric acid and igniting to potassium sulfate in a current 
of ammonia gas. The molecular composition of the ternary compound 
from the analyses is as follows: 


aSRXAL HO. 

COMFOSITIOH or TBBHART COMPOUND 

6 

K8CN:5.95I:3.79C,H, 

7 

KSCN:6.00I:4.33CJI. ’ 

8 

KSCN:6.27I:4.46C,H, 


Assuming that the ratio KSCNiCeHe in the residue is 1:4, the composition 
of the residue in each of these three experiments has been calculated from 
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tihe original charges and the andytieally determined iodine concentration 
in the solution, with the following results: 


■BBlALirO. 

KSCN 

Is 

RATIO 1:K8CN 

6 

w$ight ptt cent 

8.28 

wtigkt pet cent 

65.11 

6.01 

7 

8.27 

65.16 

6.03 

B 

8.25 

65.24 

6.06 


These results confirm the probable formula derived from the analyses. 
The compound KSCN-6I-4C(H« is analogous to RbI-6I-4C6H«, found 
by us (7) to be one of two ternary compounds of rubidium iodide, iodine, 
and benzene. It is improbable that the error due to the side reaction 
could be large enough to cause much error in the formula determined, 
although the experiments in which both potassium thiocyanate and the 
ternary compound were present (Nos. 2 to 5) show much more variation 
than usual in the determined iodine concentration in the solution. 

Table 6 gives a comparison of the results obtained with iodides, bromides, 
and thiocyanates at 6°C. It seems safe to predict that rubidium thio¬ 
cyanate and cesiiun thiocyanate will form ternary compounds with iodine 
and benzene, and that cesium thiocyanate will probably form a binary 
compound with iodine. It is also possible that thallous thiocyanate will 
form addition compounds with iodine. 

SUUMABY 

A study at of systems composed of an alkali bromide (or thio¬ 
cyanate), iodine, and benzene (or toluene) has shown that sodium bromide, 
potassiiun bromide, ammonium bromide, thallous bromide, sodium thio- 
c}ranate, and ammonium thiocyanate form no compounds with iodine. 
Cesium bromide adds iodine to form CsBrlj, and potassium thiocyanate 
forms the solvated ternary compound KSCN • 61 • 4CeH6. The dissociation 
pressure of CsBrIt at 6°C. has been calculated from the solubility results. 
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The methods which have been used in this laboratory to study the 
addition compounds of alkali iodides and iodine (2, 3) are equally appli¬ 
cable to the study of the iodides of polyvalent metals. From a phase rule 
standpoint, the relations are the same in both cases and, furthermore, are 
not changed if the starting material is a metal rather than an iodide. The 
study of systems composed of a metal, iodine, and a solvent in which the 
metal and its iodides are insoluble but which dissolves iodine, is an extraor¬ 
dinarily simple and accurate method of determining the stability condi¬ 
tions of metal iodides. 

We have studied the iodides of iron, copper, silver, and thallium, at 
6®C., using toluene and benzene as solvents. The experimental procedure 
and the methods used to purify iodine and the solvents have been described 
(2, 3). Equilibrium was reached very rapidly in these systems, but a 
period of 6 days was always allowed before analyzing. As qualitative 
tests showed that the solid residues were not solvated and that the iodides 
were insoluble in the solvents used, the composition of the solid residues 
was calculated from the known original composition and the analytically 
determined concentration of iodine in the solution after equilibrium had 
been reached. 


THE IODIDE OP IRON 

The well-known fact that in water solution ferric iodide is unstable and 
decomposes into the ferrous compound and free iodine does not prove 
that a solid ferric iodide does not exist and that it could not be prepared 
in a non-ionizing solvent. It has been shown (4) that when a mixture of 
iron and iodine is heated to a high temperature, pure ferrous iodide is 
formed and the excess iodine is volatilized. Ferric iodide is therefore 
unstable at high temperatures, but there has been no systematic study of 
iron iodides at low temperatures. 

The results obtained by us in the systems iron-iodine-toluene and iron- 
iodine-benzene at 6®C. are summarized in table 1. The iron used was a 
pure sample of finely divided metal which had been prepared from iron 
carbonyl. We are indebted to Dr. Oskar Baudisch for the gift of this 
materi^* 

^ This article is based upon a thesis presented by Michael Fleischer to the Faculty 
of the Graduate School of Yale University in partial fulfillment of the requirements 
for the degree of Doctor of Philosophy, June, 1933. 
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The results in table 1 show clearly that ferrous iodide (iodine content 
81.94 per cent) is the only stable binary iodide of iron at 6‘*C. Ferric 
iodide can not be prepared at 6*’C. or above. As no iodine could be de¬ 
tected in the solution when the solid was a mixture of iron and ferrous 
iodide, the dissociation pressure of ferrous iodide at 6®C. must be very low. 

THE lODIOE OF COPPEE 

Solid cupric iodide has never been prepared, but polyiodides of copper 
have been reported by Jdrgensen (5) and by Walker and Dover (9). A 
study of the freezing points of mixtures of iodine and cuprous iodide by 
Kremann and Borjanovics (6) gave no evidence of compound formation, 


TABLE 1 

The syetema iron-^odine-toluene and iron~iodine~bemene 


lOOlNX IN BOLmON 

TOTAL XODXNS XN XtHBlDUB 

80LXDB PBWBBNT 


Toluene; i < 

- 6®C. 

weight per cent 

weight per cent 


0.0 

50.00 

Fe and Fel* 

1.31 

81.50 

J Fel, 

10.06 

81.67 

10.46 

10.30 

82.91 

90.82 

1 Fel 2 and I 2 


Benzene; i 

« 6®C. 

1.11 

81.41 

} Fel, 

6.98 

82.28 

8.81 

8.81 

87.62 

95.44 

1 Fell and I, 


but there has been no systematic study at low temperatures. We have 
therefore studied the systems copper-iodine-toluene and copper-iodine- 
benzene at 6®C. Table 2 gives the data obtained for the system with 
benzene; those for the toluene system are in complete accord and are 
omitted for brevity. 

The results show clearly that cuprous iodide (iodine content 66.63 per 
cent) is the only stable binary copper iodide at 6®C. and that cupric iodide 
can not be prepared at 6®C. or above. It seems probable that the com¬ 
pounds analyzed by Jdrgensen and by Walker and Dover were mechanical 
mixtures. As no iodine could be detected in the solution when the solid 
was a mixture of copper and cuprous iodide, the dissociation pressure of 
cuprous iodide must be very low at 6®C. 
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THE IODIDE OP SILVER 

As it seemed possible that silver might form polyiodides like those of 
the alkali metals, the systems silver iodide-iodine-toluene and silver 
iodide-iodine-benzene were studied at 6®C. Schmidt (8) reported the 
preparation of silver triiodidc, Agis, by the addition of silver nitrate to a 
concentrated solution of iodine in potassium iodide. Our results show 
that he was undoubtedly dealing with a mixture of silver iodide and iodine. 
The data for the benzene system are given in table 3; those for the toluene 
system are similar and so are omitted. 


TABLE 2 

The system copper-iodine-hemene at 6°C. 


lODINS IN SOLUTION 

TOTAL IODINE IN BE81DUS 

SOLIDS PBESENT 

weiffkt per cent 

0,0 

weight per cent 

55.00 

Cu and Cul 


3.05 

7.79 

65.99 

66.20 

1 Cul 


8.53 

8.61 

69.40 

91.57 

1 Cul and I 2 


TABLE 3 

The system silver lodide-iodine-hemene at 6°C. 

IODINE IN SOLUTION 

AVAILABLE IODINE IN 
BBSIDUB 

SOUDS PBESENT 

weight per cent 

7.46 

8.71 

8.68 i 

weight per cent 

0,0 

12.13 

96.62 

Agl 

1 Agl and Is 


THE IODIDES OP THALLIUM 

Thallous vsalts are in many ways rather similar to the correspondind 
salts of the alkali metals. It seemed possible that thallous iodide woulg 
react with iodine to form polyiodides, so the systems thallous iodide- 
iodine-toluene and thallous iodide-iodine-benzene were studied at 6®C. 
While there is considerable evidence for the existence of two higher iodides 
(7), the only systematic work is that of Abegg and Maitland (1), who used 
the solubility method with carbon disulfide as solvent at 25®C. They 
found the compounds TII 3 and TWs or Tlls-STII. Thallous iodide was 
prepared by mixing equivalent amounts of pure thallous carbonate and 
potassium iodide solutions, washing the precipitate thoroughly, and drying 
at 105®C. The results obtained are given in table 4. 
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The average of the four results on the higher iodide is 43.28 per cent 
available iodine; T1I| requires 43.38 per cent. The lower iodide was 
present in Nos. 3 to 7 and 17 to 22. The composition of the residue shows 

TABLE 4 


The eyatem thaUous iodide-iodine-tolvene and thalloiu todtde-todtne-bentenc 


•BBIALKO* 

lOniKB IK BOLimON 

« 

AYASLAWtM lODIKB 
IN BBUDUB 

BOUOZ PBBIBKT 

Toluene; t - 6°C. 


weiffhi p§r cent 

Weight ptr eeni 


1 

2 

0.043 

0.045 

2.67 

8.66 

1 TII and T1,I, 

3 

0.17 

11.33 


4 

0.74 

11.87 


5 

1.51 

12.28 

1 Tl.Ii 

6 

1.75 

12.30 


7 

1.81 

12.35 


8 

2.29 

14.91 

’ 

9 

2.27 

25.02 

Tleli and T1I» 

10 

2.27 

39.27 


11 

2.97 

43.47 

} TII, 

12 

9.40 

43.66 

13 

14 

10.17 

10.07 

49.26 

95.14 

1 TII, and I, 

Benzene; t •» 6®C. 

15 

16 

0.038 

1 0.038 

2.98 

10.00 

1 TII and TII, 

17 

0,18 

11.32 


18 

0.36 

11.44 


10 

20 

0.75 

1.40 

11.76 

11.93 

► T1,I, 

21 

1.43 

11.82 


22 

1.57 

11.95 

1 

23 

24 

1.97 

1.99 

12.27 

39.88 

1 T1,I, and TII, 

25 

3.07 

42.76 

1 TII, 

26 

8.27 

48.28 

27 

28 

8.66 

8.60 

49.98 

94.12 

^ Til, and I, 
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good agreement with the formula TU1% (available iodine, 1L32 per cent) 
only when the solution was very low in iodine content (Nos. 3, 17, 18). 
The other results are all high, the excess iodine in the residue being roughly 
propK>rtional to the concentration of iodine in the solution. This may be 
due to adsorption of iodine by the compound. These results confirm the 
work of Abegg and Maitland (1) at 25®C. 

The dissociation pressures of the two compounds at 6®C. have been 
calculated by the method previously described (3). The values of c/co 
calculated from the results in the two solvents are in good agreement. 
Using the averages of these values, and taking the vapor pressure of iodine 
at 6®C. to be 0.0648 mm.^, the dissociation pressures of TII 3 and Tbig are 
0.0116 and 0.00022 mm., respectively, at 6®C. Unfortunately, the work 
of Abegg and Maitland at 25®C. is given in terms of volumes, and the 

TABLE 5 

Showing the ratio cfcofor both periodidea in benzene and in toluene 


SOUM PRSSBNT 

lODIKB IN 
SOLUTION 

lODINB IN 
SOLUTION 

1 c/co 

Benzene; t = 6®C. 


weight per cent 

mole per cent 


Tllsand h . 

8.63 

2.96 (c.) 


T1,I, and TII,. 

1.98 

0.618 (e) 

0.209 

Til andTUIg. 

0.038 

0.0118 (c) 

0.00398 

Toluene; t » 6®C. 

TII, and I,. 

10.12 

3.92 (co) 


Tlel.andTlI,. 

2.28 

0.839 (c) 

0.214 

TII and TW,. 

0.044 

0.016 (c) 

0.00407 


densities of their solutions are not known, so that dissociation pressures 
can not be calculated from their data. 


SUMMARY 

The iodides of iron, copper, silver, and thallium have been studied by 
the solubility method at 6®C., using toluene and benzene as solvents. 
Ferric iodide, cupric iodide, and silver triiodide have been found not to 
exist at this temperature. Thallium forms two higher iodides, Tlglg and 
Tllg. Their dissociation pressures at 6®C. have been calculated from the 
solubility results. 
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I. INTRODUCTION 

It is well known that certain classes of fluids do not obey the ordinary 
Newtonian laws of flow in that their viscosity is dependent on the rate of 
shear. Fluids possessing such non-Newtonian viscosity at constant tem¬ 
perature may be divided into three main classes: (a) those showing a 
reversible decrease of viscosity with increasing rate of shear, a phenomenon 
which has been called '‘thixotropy^^ by Freundlich (1); (6) those showing 
a reversible increase of viscosity with increasing rate of shear; and (c) 
those showing irreversible viscosity changes. Colloidal dispersions com¬ 
monly show non-Newtonian behavior and especially that of type a. 
Extreme cases of thixotropy are those in which a more or less rigid gel is 
made fluid by mechanical agitation and again sets to a gel on standing. 

Goodeve and Whitfield (4) among others (6, 8,10) have recently shown 
that if a thixotropic fluid is subjected to a uniform and steady shear rate, 
<r, the apparent viscosity, j?, generally follows the empirical equation 



where no and 0 are constants and Ff is the force per unit area. If the 
apparent viscosity is plotted against the reciprocal rate of shear, l/<r, a 
straight line is obtained, the slope of which, 0, is called (4) the “coefficient 
of thixotropy.'^ As deviations from this equation are sometimes found to 
occur at low shear rates, the values of the coefficient are taken from the 
“fimiting slope of the apparent viscosity-reciprocal shear rate curve as the 



THIXOTROPY OP SUSPENSIONS OP CARBON BLACK 


653 


shear rate approaches a high value.” A critical examination (2) of the 
application of equation 1 has shown that the two terms on the right 
represent independent parts of the apparent viscosity,—a Newtonian and 
a thixotropic part, rjo has been called (4) the ‘^residual viscosity.” 

The object of the present work was to investigate the effect of concen¬ 
tration of dispersed phase, temperature, and degree of dispersion on the 
coefficient of thixotropy of a simple colloidal suspension (carbon black in 
non-polar paraffin), using a new form of apparatus. 

II. DESCRIPTION OF THE THIXOVISCOMETER 

Any type of viscometer in which the sample is subjected to a uniform 
and continuous shear, the rate of which may be conveniently altered over 
a wide range, may be used to measure thixotropy. A new type of instru¬ 
ment has been developed fulfilling these requirements and has been called 
a ”thixoviscometer.” This has been used for the present work. A subse¬ 
quent model, differing in some details, has been described in a recent paper 
(3), to which the reader is referred for a critical examination of the design. 

The instrument is shown in figure 1. A heavy triangular base X, to 
which is bolted at right angles a length of T-section casting, Y, forms the 
framework of the apparatus. A gramophone motor R, of the synchronous 
type, operating on 50-cycle a.c. mains, is mounted on the casting Y as 
shown and is capable of being swung out sideways to facilitate the inter¬ 
change of gear wheels on the motor spindle. The whole motor unit may 
be locked in position by the thumb screw L. A hollow aluminum cone B, 
of semi-angle 22.5°, is attached coaxially at its base to a spindle, which is 
set in ball bearings mounted in a casting, C, bolted to Y. An accurately 
cut gear wheel G is placed on the lower end of the spindle and this engages 
with the gear system operated by the motor. It is thus possible, using a 
range of different gear wheels and emplo 3 dng either single or double re¬ 
duction gearing, to rotate the outer cone B at a large number of different 
speeds. 

Suspended coaxially inside the cone B is a solid aluminum conical 
frustum A of the same angle as B, whose upper and under surfaces are 
cut away as shown. The dimensions of this frustum are given in figure 2. 
A thermometer, T, of the Anschutz type is placed inside a hollow brass 
stem attached coaxially to A, and the whole unit is suspended by a steel 
wire from the torsion head H so that it hangs inside B. The torsion head 
may be moved in a horizontal plane in two directions at right angles by 
means of the screws SS' in order that the inner cone A may be adjusted 
until it hangs coaxially with B, the whole instrument, of course, having 
first been levelled. A mirror M, attached to the thermometer stem and 
used in conjunction with a lamp and circular scale, is used to measure the 
deflection of the inner cone resulting from the torque transmitted to it 
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when a liquid is placed in the cone B and the motor switched on. The 
whole of the shaded part of the apparatus, together with the inner cone, 
can be moved vertic^y up or down by means of the screw head V, the 
position being read on the head scale, h, on the tube F. 

The length of the suspension wire, W, is adjusted so that, when the 
head scale reading is zero, the inner cone is just in contact with the inner 
surface of the outer cone B and a light twisting motion of the fingers 



Fio. 1. An instrument for the measurement of thixotropy in absolute units 

applied to the upper surface of the inner cone just fails to move it. On 
raising the inner cone by screwing up through one small scale division, 
the same finger motion should just cause the inner cone to rotate. This 
metihod of setting the zero position has been found very satisfactory. 

Th» insiTument possesses sundry advantages over that described by 
Goodeve and Whitfield (4), amoi^ which may be mentioned the quantity 
of material required for a measurement, the greater accuracy due to the 
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optical system, and the larger range of viscosities measurable, as the cone 
speeds can be varied and the suspension wires interchanged. The advan¬ 
tages to be obtained by the use of cones rather than cylinders have been 
pointed out by one of the present authors (3). 


ni. CALIBRATION OP THIXOVISCOMETER AND CALCULATION OP SHEAR RATE 

The instrument is most conveniently calibrated using a Newtonian oil 
whose viscosity, ry, has been accurately determined at a temperature 7'®C. 
in a standard viscometer of the Ostwald type. Deflections, a, are obtained 
for the complete range of head scale readings, h, at constant outer cone 
speed, S2, in r.p.m., the zero position of the inner cone being first adjusted 
as described and the temperature of the oil being maintained constant 
at r®C. throughout. From these data, a value for a factor P (which 
contains the torsion constant of the wire, the distance between the conical 
surfaces, and factors relating to the geometry of the suspended frustum) 
may be deduced from the relation 


The apparent viscosity, rj, of any non-Newtonian fluid is defined as the 
viscosity of the Newtonian liquid which would, at the same setting, ft, 
and cone speed, 12, give the same deflection, a. 

The question now arises—is this apparent viscosity as measured equal 
to a quantity which may be described as the ‘^elementar^ viscosity and 
defined as the ratio of stress to shear rate for an element of volume? In 
other words, is the apparent viscosity a property only of the fluid and 
independent of the apparatus? The following considerations show that 
it is. 

Let us first consider the case of coaxial cylinders. If we take a thin 
layer of liquid of thickness bL formed by two planes perpendicular to the 
axis of the cjdinders, the moment, 6Af, on any ring of liquid of radius r 
is given by 

bM -- A -r-F = 27rr.5L.r.F (3) 


where A is the surface area of the ring and F the force on the ring per unit 
area of surface. This equation is, of course, independent of the nature 
of the liquid. A Newtonian viscosity, t/at, is defined by the equation 

Fff ^ ritf a (4) 

dw 

The rate of shear, cr, can be written r where w Ls the angular velocity 

of the ring of liquid under consideration. Substituting for F in equation 
3 we have, for a Newtonian liquid, 


bMs 

2r*bL 


•dr — i^AT’dw 


( 6 ) 
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As BMh is, in the steady state, the same for a ring of any radius, we may 
integrate this equation between the limits r = r,-, the radius of the inner 
cylinder, and r = r„ that of the outer: 


SM^ /I _ 1\ 

4T.aLVr? rV 




( 6 ) 


u, being the angular velocity of the outer cylinder. 

If, on the other hand, we substitute in equation 3 the value of F for a 
thixotropic fluid, given by equation 1 , and integrate the resultant equation 
between the same limits as above, we obtain 


BMt (l _ .l\ 
4jr-5L\r? r*,/ 


T 

^ In — 
U 


(7) 


This equation describes the behavior, in a coaxial cylinder type of vis¬ 
cometer, of a liquid obeying equation 1 and is essentially the same as that 
derived by Reiner and Riwlin (7). We thus have two equations (6 and 7), 
valid respectively for Newtonian and thixotropic fluids under the same 
experimental conditions, and it is clear that calibration with a Newtonian 
liquid implies that bMtf = bMr^ We see that, for this to be the case, 


n 



( 8 ) 


i.e., a non-Newtonian liquid will give a scale deflection corresponding to 
a Newtonian viscosity, 17 , given numerically by equation 8 . If we let d 
be the separation between the cylinders (i.e., r, — r,), it may be shown 

d 

(e.g., using log. tables) that the logarithmic factor is equal to — 

fi -f- 

within a maximum error of 0.1 per cent for the greatest value of d/r,- 
(6/31.6) which was used. Therefore 


d 

Tlie term —;—r-r:?: lias dimensions of a reciprocal shear rate, and if 

w,(r< + fd) 

the apparent viscosity, % is plotted against this term, a straight line should 
be obtained, the slope of which is 9. Conversely, if we find experimerUally 

that the plot of 71 against ^—s-t; is a straight line, we know that the vis- 

«.(r< + jd) 

costty of an element of volume is given by equation 1. 

We may now proceed to a consideration of the coaxial cone instrument 
in a similar manner. It should, however, first be pointed out that the 
flow of the fluid in such an instrument is not only in the form of coaxial 
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eonical laminae, but must also have a vertical component arising from the 
centrifugal force. This component can contribute no rotational force to 
the suspended inner cone, but may have a slight effect on the thixotropic 
viscosity. It has been calculated that, for the order of shear rates used 
and viscosities measured in this work, the magnitude of this component. 



Fiq. 2. A section of the inner cone showing its dimensions (all to scale, except 
that the distance d as shown is relatively four times greater than the largest value 
used). The actual dimensions were ri 27.0 mm., Tt =* 35.4 mm., jS *= 22.5®. 

even at the greatest value of d used, is quite negligible compared with the 
horizontal viscous force. 

If, as before, we take a thin layer of liquid of thickness by (represented 
in section by the shaded area in figure 2), the moment, 5Af, on the surface 
of the *‘conical ring^^ of radius r (represented in section by the short thick 
line) will be given by (c/. equation 3) 

bM =* 2irr-by»r-F 


( 10 ) 
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(the force F is normal to the plane of the paper). If we now substitute 
the value of F for a thixotropic fluid, given by equation 1, we obtain 

6Mt 2irr* * • r • ^ (11) 

X being as shown in figure 2. It may be seen from the figure that 

r » a; cos j8 + y sin /3 (12) 

and since y is constant irrespective of the value of x, equation 11 becomes 


6Mt 1 - dw j ^ /-rtv 

o—r 'Za ~ ’?o‘Cos /8-T- + (13) 

2ir>dy r* dr r 

Integrating with respect to r between limits r< and r* (c/. equation 7), 
8Mr /I l\ o . 

iv-8v\r1 r!/ Ti 


nA\ 


wliere r» and are as shown and co« is the angular velocity of the outer cone. 

If we now substitute 8y = Bn cosec equation 14 may be integrated over 
the length of the cone to give the total moment, 

Mt == 4ir‘C0t f fijowe + 0 sec j8-ln -1 * dr, (15) 

Jri L n Ti 


where ri and r 2 are the lower and upper radii, respectively, of the suspended 
frustum. 

Replacing r« by (n + d') (where d' = d cos /9, d being as shown in figure 


2 and itself = h sin 0) and the logarithmic factor by 


and neglecting terms of order 



and higher, gives 


d' 



expanding, 


j (r? + -Id'r? + id'^n) + SseGfiid'rl + d'Vi)] dr, (16) 


from which we may at once write down the corresponding value of Mn for 
a Newtonian liquid; thus. 

Mu = + id'r\ + id'*n) dn (17) 

As before, calibration with a Newtonian liquid implies that Mn » Mr. 
Equating 16 and 17 and integrating, gives 

, tfsec/? [id'r*t + 

’ ‘lirj + KrJ + KVj;; 


( 18 ) 
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which may be written 


V ~ VO + ~— 

<»frm 



(19) 


Vm, which is a function only of d, is obtained by comparing equations 18 
and 19 and, when expanded as far as the first power of d, gives 


r„ 



+ ^ cos /3 


3 (r| - r?)(r| - rl)\ 

4 w-rir 'j 


( 20 ) 


This equation may be applied to the coaxial cone instrument for any 
given set of geometrical dimensions. 


For a coaxial cylinder instrument, 0® and ri « r* r*, where r, is the radius 
of the inner cylinder. If these values are substituted in equation 20 (the terms in 
round brackets must first be factorized in order to avoid indeterminates) Tm becomes 
equal to (r» -f id), which agrees with the result obtained for cylinders in equation 9. 


For the present instrument, = 22.5®; n = 27.0 mm.; n = 35.4 mm. 
and, substituting these values in equation 20, we find 

r,n = 31.6 + 0.48d (21) 


The ntimber 31.6 represents a radius of the suspended frustum slightly 
greater than its mean radius, and if we let ro = 31.6 we may rewrite 
equation 19 as 


1 . d 

We (ro “h 0.48d) 


( 22 ) 


This final equation corresponds exactly with equation 9, which was 
deduced for coaxial cylinders. As for the corresponding term in equation 
9, the term 

d 

w«(ro + 0.48d) 

has the dimensions of a reciprocal shear rate and, if the apparent viscosity 
of a non-Newtonian fluid obeying equation 1 is plotted against this term, 
a straight line will be obtained, having a slope 6. Hence the value for 
the reciprocal shear rate which has been taken throughout this work is 
given by 

1 = ^ ^ ( 23 ) 

<r w. ’ (ro + 0.48d) ^ ^ 


(In the above treatment, no account has been taken of the difference 
between the *^end effects^^ with Newtonian and non-Newtonian fluids. 
This is small (3) when the separation between the cones is small, as in 
the experimental work described below.) 
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It is to be concluded from this theoretical treatment that values ctf the 
apparent viscosity obtained at small separations with this instrument 
describe the ratio of stress to shear rate for an element of volume of a fluid 
obeying equation 1, as is the case for carbon black suspensions. This is 
confirmed experimentally by the fact that the values of the apparent 
viscosity and of the coefficient of thixotropy are independent of the 
method of altering the shear rate (by altering « or d; see sections V and 
VIC). A special test of one of the carbon suspensions in an apparatus 
having cones of semi-angle 11.5° gave the same values as for the present 
apparatus. 

For convenience, equation 23 may be rewritten 

_ I _L (24) 

a 2irQ (ro + 0.48cZ) 

where Q is the speed of the outer cone in revolutions per minute, and 
Q = f(d) = fih). Values of Q corresponding to each head scale reading, 
h, are shown in figure 3. 

IV. PREPARATION OP CARBON BLACK SUSPENSIONS 

The carbon black used for this work was of the grade used in the manu¬ 
facture of newspaper printing ink. The suspending medium was ^‘liquid 
paraffin di8<‘=0.88 g. per cc., viscosity (18®C.) = 2.5 poises. Measure¬ 
ments of its dielectric constant showed that its molecules were effectively 
non-polar, and spectroscopic examination showed that only a very small 
amount of cyclic aromatic hydrocarbon was present. Absence of an iodine 
value showed that it was completely saturated. 

In order to standardize conditions, the carbon black was first heated 
for 2 hr. in an evacuated flask placed in a water bath, thus removing 
adsorbed water and gases. It was then weighed with the flask still 
evacuated and the calculated volume of liquid paraffin to make a sus¬ 
pension of the required concentration (by weight) was introduced into the 
still evacuated flask. After thoroughly shaking, the mixture was trans¬ 
ferred to a single roller mill of the type used by paint manufacturers^ and 
milled until homogeneous, when it was then ready for use. (See, however, 
section VIB.) 

V. EXPERIMENTAL PROCEDURE 

The thixoviscometer was first adjusted as described in section II and 
the scale reading when the inner cone was at rest in air noted. The carbon 
black suspension was then placed in the outer cone and the suspended cone 
lowered into it until the separation between the cones was as small as 
practicable. It was then possible to alter the rate of shear either (a) by 

^Supplied by S. Smith, Ltd., Manchester, England. 
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rotating the outer cone at a constant speed and varying the separation 
between the cones by means of the screw head (method 1), or (6) by keep¬ 
ing the cone separation constant and small and varying the angular 
velocity of the outer cone by means of the system of gears (method 2). 
The available range was 0.08 to 8 radians per second. In either case the 
outer cone was allowed to rotate until a steady deflection was obtained 
before commencing to take readings. In the case of the more concen¬ 
trated suspensions, it was found convenient to leave the instrument 
running overnight in order to attain the initial steady state before com¬ 
mencing to vary the shear rate. The steady state for subsequent readings 
was attained in a few minutes. Except where stated otherwise, all 
readings were taken at 18°C. The apparent viscosities were then cal¬ 
culated using equation 2 and plotted against reciprocal shear rate, cal¬ 
culated from equation 24. For a given suspension, the slopes of the 
curves obtained by both of the above methods have been found to agree 
quite well (see table 1). 

VI. EXPERIMENTAL RESULTS 

A, Preliminary experiments {series A) 

Mixtures containing 4, 5, 6, 7, and 9 per cent by weight of carbon black 
were prepared separately, and each was milled to as nearly the same degree 
as possible by keeping the setting of the mill constant throughout. The 
results obtained for each of these suspensions show that ^ is a marked 
function of the concentration of carbon black. The values of 6 and rjo are 
given in table 1. 

B. Effect of milling 

It is important in standardizing the procedure to study the effect of 
successive millings on the same suspension, and accordingly a 6 per cent 
mixture was prepared for this purpose. This mixture is not very homo¬ 
geneous before milling, since it contains largo and irregular aggregates of 
carbon black. Measurements for such a mixture were not attempted, as 
it is probable that the non-homogeneity would render them quite irre- 
producible. The mixture was therefore milled very lightly in the single 
roller mill until thoroughly mixed, placed in the thixaviscometer, and a 
series of readings taken. It was then removed, remilled more heavily, 
and a further series of readings taken. This process was repeated, giving 
the suspension successively heavier miUings, until at a fourth milling the 
“shearing plate^' was hard down upon the roller. A final fifth milling 
was then given. 

The results are shown in figure 3,—the deflection a being plotted 
against the head scale reading ft. The values of the factor P (equation 2) 
Q (equation 24) for each head scale reading are also shown. The 
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dmved apparent viscosity-reoiprocd shear rate curves are shown in 
figure 4. It is seen from these two figures that the values of the deflection 
and of the apparent viscosity increase with milling until the third milling, 
after which they are effectively constant. Also, the coefficient of 
thixotropy, 6, increases to a constant value. This means that it is possible, 
with a given milling apparatus, to mill a suspension to constant thixotropy. 

During the course of the millings, horizontal ridges were observed in the 
issuing mixtures,—a phenomenon well known to the printing ink and 



Fio. 3. Observations on a suspension (6 per cent carbon) subjected to successive 
millings (curves 1 to 8). The apparent viscosity is obtained by multiplying the 
deflection a by the value of P for the same head scale reading and dividing by the 
number of revolutions per minute, Q. Likewise, the shear rate corresponding to 
any head scale reading is the product of Q and Q. 

Fig. 4. Results derived from those shown in figure 3 

paint manufacturer. The more thixotropic the mixture, the more pro¬ 
nounced were the ridges. 


C. Efect of concentraHon 

For experiments subsequent to the preliminary ones the following pro¬ 
cedure was adopted: A 7 per cent mixture was prepared in the usual 
manner and milled to maximum thixotropy. Its carbon black content 
was checked by anal 3 r 8 is (repeated washings with petroleum ether and 
weighing), and its viscosity measured at a number of rates of shear, varied 
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by methods 1 and 2. The required quantity by weight of paraffin was 
added to reduce the concentration to 6.5 per cent, the mixture milled, its 
carbon content again checked by analysis, and the measurements re- 



Fig. 6. Results for suspensions of various concentrations 
TABLE 1 


Values of the residual viscosity and the coefficient of thiMropy for series A, R, and C 


CONCUNTBA* 
TZOM OP 
CABBON 
BLACK 

PRKLIIllMABT 81IB1BA 
BBBIB8 A 

8BBIBB B 

8BRI1IS C 

Method 1 

Method 1 

1 Method 2 

Method 1 


e 

m 

e 

VO 

$ 

1 

Vo 

e 

VO 

per cent by 
weight 

dynes per 
cm.* 

poises 

dynes per 
cm.* 

. 

poises 

dynes per 
cm.* 

poises 

dynes per 
cm.* 

poises 

9 

163 

13.7 







7 

70 

5.5 

63 

5.2 

65 

7.0 

62 

6.8 

6.5 



52 

5.8 

52 

5.8 



6 

46 

4.5- 

45 

4.1 

41 

5.5 

45 

4.1 

5 

21 

6.5 

30.5 

3.5 

28 

4.9 

30.5 

3.5 

4 

18.6 

5.2 

21 

3.1 

18.5 

4.2 

21 

3.0 

0 

^ — 0; fj » 2.5 poises 


peated. The mixture was then diluted successively to various lower 
concentrations, using the same procedure. The results obtained are 
shown in figure 6, and the derived values of lyo and B are given in table 1 
(series B). 
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A new 7 per cent suspension was prepared 3 months later and the series 
of measurements described above repeated, using the same procedure. 
A new sample of the liquid paraffin was used. The values of no and 6 for 
this series (C) are also given in table 1. 

It will be seen from this table that, except for the preliminary series (A), 
the reproducibility of the measurements is good. (In series A the sus¬ 
pensions were not milled to constant thixotropy and their composition was 
not so accurately controlled.) This shows that it is possible to make 
accurate quantitative measurements on colloidal systems, provided that 
the procedure is standardized. 



Fia. 6. The effect of temperature 

It will be observed from figure 5 that the curves for concentrations less 
than 4 per cent do not follow equation 1 over an appreciable range of shear 
rates. No values of 0 or no have therefore been calculated. These curves 
are discussed in section VIIF. 

D. Effect of temperature 

In each of the three series of measurements already described, the 
temperature of the suspensions was maintained constant at 18°C. For 
the 5, 7, and 9 per cent suspensions (series A), values of 0 have been ob¬ 
tained at other temperatures in order to see whether the coefficient is 
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altered. The outer cone containing the suspension was heated with a 
Bunsen burner and allowed to stand until a steady temperature was at¬ 
tained. It was necessary only to obtain four or five points to establish 

the slope of the ry— curve; the cone separations could be altered and the 

corresponding scale deflections noted before any appreciable temperature 
drop occurred (even when the temperature was considerably in excess of 
that of the room). The curves in figure 6 show the results obtained. It 
may be seen from the figure that increase in temperature decreases the 
apparent viscosity by an amount which is practically independent of rate 
of shear. The fractional rates of change of the residual viscosity and of 
the coefficient of thixotropy with temperature are shown in table 2, 
together with that of the oil medium. It is seen from the table that the 
temperature coefficient of the residual viscosity is of the same order of 
magnitude as that of the oil, whereas for the coefficient of thixotropy the 


TABLE 2 

Temperature coefficients of the residual viscosity and the coefficient of thixotropy 


OOMGSMTBATION 

dqo 

mdT 

68 

edT 

per eeni 

9 

-0.041 

-0.0047 

7 

-0.067 

-0.0032 

5 

-0.11 

-0.02 

0 

-0.074 



effect of temperature is many times less. The temperature coefficients, 
being differences, are subject to a higher limit of error than the individual 
observations. 


VII. DISCUSSION 

A, The structure of carbon black suspensions 

It is now generally agreed that the phenomenon of thixotropy involves 
a breaking down and a subsequent reforming of some type of structure. 
Opinions differ, however, as to the precise nature of this structure. Some 
investigators favor a non-contact structure held together by long-range 
forces of the van der Waals^ type between the colloidal particles. Others 
postulate the formation of a ‘'scaffolding” structure, in which the particles 
are actually in contact. In the case of carbon black there is considerable 
evidence for the second type. Carbon black particles are plate-like with 
strong valence forces around the edges. Therefore they have the possi¬ 
bility of building up large structures enmeshing considerable quantities 
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oT the suepending medium. Such a structure might be likened in this case 
to a “house of cards.” 

McDowell and Usher (6) have found that a 1 per cent carbon black 
suspension in non-conducting organic solvents conducts the electric 
current when allowed to stand, but ceases to do so on shaking. The 
phenomenon is apparently indefinitely reversible (the observations of 
McDowell and Usher have been qualitatively confirmed by the present 
authors). The conductivity of such suspensions could only be explained 
by direct contact between the particles, chain-like structures being formed 
and thus providing a series of continuous paths from one electrode to the 
other. 

A structure involving direct contact is shown to be extremely likely by 
measurements made on the bulk density of the carbon black. When 
carbon black particles were allowed to settle out of the air, they occupied 
a volume corresponding to a density of 0.075 g. per cubic centimeter. As 
ordinarily obtained, carbon black has a concentration two to three times 
this value. In the dry bulk condition each carbon black particle must be 
touching other particles at a number of points. It would seem, therefore, 
that in liquid suspensions (density about 1) in which the concentration 
is 7.5 weight per cent or higher, the particles are forced into touching one 
another at many points,—there is not room for them to be separated. As 
the dry particles, even when allowed to settle out of air, are somewhat 
compressed by gravitational forces, touching of particles is to be expected 
at concentrations somewhat lower than 7.5 per cent. 

B. Effect of miUing 

The particles of carbon black in a non-milled mixture are in the form of 
large and irregular aggregates of ultimate plate-like particles. These 
ultimate particles, the size of which varies to some degree with the grade 
of carbon black, are extremely small, probably smaller than those of any 
other known pigment. Recent measurements (9) suggest that the value 
is about 0.06 ju. As the force breaking up the aggregates in milling 
decreases as the square of the diameter, it is unlikely that they are ever 
resolved to ultimate particles. The fact that the suspensions can be 
milled to constant thixotropy indicates either that the milling is unable to 
break down the particles any further, or simply that further breakdown 
does not alter the values of the apparent viscosity and thixotropy. 

The increase in viscosity and thixotropy with milling is probably 
associated with the fact that the actual number of particles able to build 
up a structure has increased. On a number of occasions suspensions 
several months old were reexamined, and it was found that the coefficient 
of thixotropy had decreased by 10 to 20 per cent. Remilling brought the 
coefficient back to its former value. 
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C. The residual yiecodiy 

The residual viscosity is that at infinite shear rate, i.e., when the thixo¬ 
tropic effect is absent. It may be seen from tables 1 and 2 that it is 
somewhat greater than the viscosity of the medium and its temperature 
coefficient is of the same order of magnitude. It is well known from 
hydrodynamical considerations that independent solid particles increase 
the viscosity by an amount proportional to their volume concentration. 
The proportionality constant increases with the anisometry of the particles. 
The viscosity is Newtonian, and the particles act through the dispersion 
medium. The observed values of the residual viscosity and of the temper¬ 
ature coefficients can be completely accounted for by this hydrodynamical 
mechanism. 


Z). The impulse theory of thixotropy 

It has recently been shown by one of the authors (2) that the resistance 
to flow of a non-Newtonian fluid can be divided up into two parts, operat¬ 
ing by different mechanisms. The first part is ^‘Newtonian,” that is, the 
force is proportional to the rate of flow, or the viscosity coefficient is 
constant. The second part is thixotropic, that is, the force is approxi¬ 
mately constant, independent of the rate of shear. This thixotropic 
behavior has been explained by considering the impulses conveyed from a 
moving layer to a non-moving layer by interference of the colloidal parti¬ 
cles. It is seen in section VIIA that the particles of carbon black have a 
marked tendency to link together. When a shearing force is applied to 
the system, the link between a fast and a slower moving particle will be 
stretched and a force will be applied to the latter. When a critical point 
is reached, the link will break. The slower moving particle will thus have 
experienced a force for a definite period of time, i.e., it will have received 
an impulse. After the link has broken, the faster moving particle will 
pass on to form a link with another slower moving particle and the whole 
process will be repeated. It has been shown that the value of each impulse 
is inversely proportional to the shear rate, while the number of impulses is 
proportional to the shear rate. The total force, which is the product of 
the impulse value and the rate of impulses, is therefore a constant, inde¬ 
pendent of the shear rate, and the apparent viscosity, which is F/a, de¬ 
creases with increasing shear rate. The theory gives a quantitative 
description of the phenomenon of thixotropy and shows the conditions 
under which it is to be expected. 

E, Relation between coefficient of thixotropy and concentration of carbon black 

It is possible to deduce from the impulse theory the relation to be 
expected between the coefficient of thixotropy and the concentration. 
The rate of formation of links, or the number of impulses per second, given 
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by one particle will be proportional to the concentration of particles in the 
layer passing over it. The number of particles receiving impulses from 
the pasrang layer will also be proportional to the concentration. The 
total number of impulses per second between the layers is therefore pro¬ 
portional to the square of the concentration. 

That this is the case for the ss^stem carbon black-non-polar paraffin may 
be seen from figure 7, in which the logarithm of the coefficient of thixotropy 
taken from table 1 is plotted against the logarithm of the concentration. 
It is seen that between concentrations of 4 and 7 per cent, inclusive, the 
coefficient is proportional to the square of the concentration, but rises 
more rapidly at higher concentrations. The values at lower concentra- 



Fio. 7. Showing that the coefficient of thixotropy is proportional to the square 
of the concentration. (Points for series Bi and C in most cases coincide.) 

tions are rather indefinite, and at the higher concentrations agreement is 
not to be expected, in view of the fact that the particles are crowded very 
closely together. It would appear,^therefore, that the impulse theory 
in its present state of development can explain the relation between 6 and 
concentration. 

F. Low concentrations 

If the concentration of the suspended particles is low, a continuous 
structure of links throughout the fluid (in an unsheared state) will not be 
possible. It is probable that isolated groups or aggregates of linked 
particles are formed, the size of which is limited by the low thermal 
diffusion. Shearing slowly will result first of all in these aggregates being 
orientated in the usual way and very little breaking of links will occur. 
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When the shear rate becomes sufficiently high, however, these links will 
be broken as before, and a decrease in viscosity will result. Such a sus¬ 
pension will therefore behave very nearly as a Newtonian liquid until high 

shear rates are attained, when the 17 -*- curve will drop sharply. This is 

what happens for concentrations of 3 per cent carbon and less, as may be 
seen from figure 5. Apparently the 4 per cent curve represents a transi¬ 
tion type before normal thixotropy is shown. A slight irregularity appears 
in all of the curves. 

At low concentrations we therefore have two characteristic viscosity 
values for a given suspension,—the residual viscosity and the limiting 
viscosity at low shearing stresses, de Waele and Dinnis ( 11 ) have ob¬ 
served similar “high and low shearing stress mobilities'^ in work with 
cellulose nitrate sols. 


G, The temperature coefficient 

The low value of the temperature coefficient of thixotropy compared 
with that of viscosity is to be expected from the “impulse theory.” A 
process in which the links between particles are broken and reformed by a 
shearing motion does not depend upon thermal energy and is therefore 
independent of temperature. In the full treatment of the theory (2) it is 
shown that in a case where the heat of formation is not too large compared 
with jfcr, the life of the links will be governed by thermal energy; the 
viscosity is then Newtonian and strongly temperature-dependent. High 
values of the link energy lead to high viscosities. In colloidal solutions, 
however, there are generally fewer links per unit volume and a structure 
by which energy can be concentrated on each link. In these cases links 
are broken only by the shear; the viscosity is thixotropic and independent 
of temperature. 

The results for carbon black suspensions described in section VID 
indicate that the impulse theory may be applied to this system and that 
the link energy is great compared with kT, It may be of the order of 
magnitude of a carbon-carbon bond in graphite. 

SUMMARY 

An instrument for the measurement of anomalous viscosity has been 
described, together with its calibration and mode of use. An analysis has 
been made of the flow of thixotropic fluids, and it is shown that true 
elemental viscosities may be measured in absolute units. Suspensions 
of carbon black in liquid paraffin have been studied, and it has been found 
possible to mill them to give constant and reproducible results. It has 
been found that over the range 4 to 7 per cent carbon black, the value of 
the coefficient of thixotropy, B, increases as the square of the concentration. 
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Temperature has been shown to have little effect on 0 over a fairly wide 
range but the normal large effect on the residual viscosity. The results 
have been interpreted in terms of the “impulse theory” of thixotropy. 

The authors desire to record their indebtedness to Mr. A. C. Stevenson, 
of this College, for his valuable advice, and criticism of the mathranatical 
treatment in section III. 
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INTRODUCTION 

It has been shown (7) that pure copper does not hydrogenate benzene 
at ordinary pressure at 226®C., but that the presence of certain impurities 
enables it to do so. It was thirty years ago that the senior author dis¬ 
covered this promoter action in hydrogenation (5, 9). Pure copper is 
able to hydrogenate benzene only imder superatmospheric pressure. 

This paper describes a series of coprecipitated coppeMbromium oxide 
catalysts whose activities were evaluated by the hydrogenation of benzene 
and of isopentene at ordinary and superatmospheric pressures. Under 
the test conditions both of the pure components—copper and chromium 
oxide—were inactive, but as chromium oxide was added to copper the 
activity rose abruptly to a m ax i mum at 5 per cent of oxide, and tben 
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fell with continued addition. Incidentally, catalytic activity in these 
copper-chromium oxide catalysts was accompanied by pyrophoricity, 
although there is no simple relationship between these two character¬ 
istics^ (2). 

We propose to call this composition of maximum activity the eucoactic 
composition. It will be interesting in the future to study the dependence 
of the eucoactic composition upon the type of unsaturation and upon the 
operating conditions. Another problem for future study concerns poi¬ 
soning and heat deactivation as a function of chemical composition. 

Adkins (1,4) and Calingaert (3) have previously described a number of 
copper-^.hromium oxide catalysts, with and without calcium, barium, 
strontium, and magnesium as stabilizers, but they used a much higher 
concentration of chromium oxide than would be recommended on the 
basis of this work. 

This paper describes for the first time the hydrogenation of isopentene 
(trimethylethylene) with pure copper. Sabatier (15, 16) was unable to 
hydrogenate this olefin with copper and made the generalization that 
only those olefins which contained the ==CH 2 group could be hydrogenated 
in the presence of copper. Kistiakowsky (11, 12) has hydrogenated iso¬ 
pentene over copper, but his catalyst was prepared from the commercial 
granular oxide, which doubtless contained impurities.* 

Pure copper (containing about 0.001 per cent of nickel) does not hy¬ 
drogenate isopentene at ordinary pressure in 10 sec. at 75®C., but it does 
so to the extent of 6 per cent in 14 sec. at 100°C. and 85 per cent in 20 
sec. at 225®C. Under 125 atmospheres of hydrogen at 100®C., hydrogena¬ 
tion is complete. 

The effect of small amounts of chromium oxide is remarkable. Cop¬ 
per requires a temperature of 225®C. to hydrogenate isopentene to the 
extent of 55 per cent in 10 sec., whereas copper containing 0.1 per cent 
of chromium oxide shows the same activity at 75®C. Thus, the presence 
of 1 mole of chromium oxide in 2500 atoms of copper lowers the tem¬ 
perature requirement 150®C., although chromium oxide alone has no 
hydrogenating ability, even at 350®C. under 150 atmospheres of hydrogen. 

However, even the best of the copper-chromium oxide catalysts is 
weak when compared with supported nickel (6), which hydrogenates 
benzene to the extent of 100 per cent in 1 sec. at 50®C. and ordinary pres- 

* In some unpublished work we found very active copper-nickbl and copper- 
cobalt catalysts to be non-pyrophoric, whereas much less active copper-chromium 
oxide catalysts were very pyrophoric, 

• Considerable work has been done in the past on the catalytic properties of 
copper, but the source of the copper was usually the commercial granular oxide, 
which contains catalytically significant amounts of nickel, iron oxide, alumina, 
magnesia, silica, and other impurities, and with this complicated system it is im¬ 
possible to learn anything about the catalytic properties of copper itself. 
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sure, whereas the eucoactic copper-uhromium oxide catalyst is completely 
inactive under these conditions and hydrogenates benzene to the extent 
of only 16 per cent at 225°C. in 90 sec. 

Mixed copper “Chromium oxide catalysts are even more susceptible 
to activation by traces of nickel than is copper alone. For instance, 
copper containing not more than 0.001 per cent of nickel does not hydro¬ 
genate benzene at ordinary pressure and 225°C. in 90 sec. and the pres¬ 
ence of 0.005 per cent of nickel raises the hydrogenation to 4 per cent. 
On the other hand, the hydrogenating activity of the 96 per cent copper- 
6 per cent chromium oxide is raised from 16 per cent to 24 per cent by the 
addition of 0.005 per cent of nickel. 

Another example of this amplifier effect is the following: The addition 
of 0.2 per cent of nickel raises the hydrogenating activity of copper from 
0 to 19 (per cent hydrogenation of benzene at ordinary pressure and 226®C. 
in a contact time of 12 sec.), whereas the same addition of nickel raises 
the activity of the 95 per cent copper-5 per cent chromium oxide catalyst 
from 2 to 62. 

The promotion of copper by nickel and cobalt, and the poisoning of 
copper by bismuth, cadmium, lead, mercury, and tin, will be described 
in a subsequent paper. 

In view of the importance of small amounts of impurities and the 
difficulty of detecting these traces by the usual qualitative tests, a serious 
doubt arises as to the reliability of much of the data in the field of 
catalysis. 


EXPERIMENTAL 

Apparatus and procedure for hydrogenation at atmospheric pressure; 

calculation 

The apparatus was essentially the same as previously described (7), 
except that the hydrogen-purification train was as follows; copper gauze 
in a silica tube at 500®C., lead acetate solution, potassium hydroxide solu¬ 
tion, anhydrous calcium chloride, ascarite, and activated alumina. After 
several months^ operation the inlet tube of the lead acetate wash bottle 
had blackened, indicating a trace of hydrogen sulfide in the electrol 3 rtic 
hydrogen. 

In the benzene tests the hydrocarbon saturator was thermostated at 
25.0®C. db 0.1®, and the hydrogen-benzene ratio of the gas issuing from 
the saturator averaged 7. The free space of the reduced catalyst was 
determined by adding water to the charged tube. 

In the hydrogenation of isopentene, the saturator was packed in ice, 
and the hydrogen-isopentene ratio of the exit gas averaged 3, the vapor 
pressure of the sample of isopentene being 184 mm. of ihercury at 0®C. 



COPPER-CHBOMIUM OXIDE HYDROOBNATION CATALYSTS 


673 


Blank experiments made under the conditions of the tests, by passing 
hydrogen-benzene and hydrogen-isopentene mixtures through a tube 
filled with glass balls, showed that the apparatus was non-catalytic. 

The method of calculating the results was the same as previously 
described. 


Preparation of materials 

Benzene, c.p. benzene was purified by repeated washing with con¬ 
centrated sulfuric acid, followed by washing with caustic soda and water; 
it was then distilled through a Podbielniak column (reflux ratio, 20), col¬ 
lecting the middle third of the distillate. 

Isopentene. Isopentene was prepared by dehydrating dimethylethyl- 
carbinol over activated alumina at 427°C. After separating the water 
layer, the dehydration product was distilled through a Podbielniak col¬ 
umn (reflux ratio, 20) and the middle third of the distillate was col¬ 
lected (b.p., 35“-37°C. at 747 mm.; bromine number, 225; 1.3848). 

According to its refractive index the olefin mixture contained about 75 
per cent of trimethylethylene and 25 per cent of as-methylethylethylene. 

Catalysts, The catalysts were prepared by coprecipitating basic copper 
carbonate and chromium hydroxide from the corresponding nitrates by 
ammonium carbonate, followed by drying, granulation, decomposition, 
and reduction. The compositions of the reduced catalysts were checked 
by analysis. The catalysts containing a known amount of nickel were 
made by adding the calculated amount of dilute nickel nitrate solution to 
freshly precipitated copper or copper-chromium catalysts and stirring 
the mixture to a homogeneous slurry, the mixture being then processed 
as usual. The reagents were of the highest ‘Veagent^^ purity; they were 
examined spectroscopically, as were also the final catalysts. 

Redttciion of catalysts 

Granular 6- to 10-mesh oxide catalyst was charged to a 14-mm. i.d. 
glass tube and hydrogen was passed for 20 hr. at 225°C. The length of 
the catalyst bed averaged 35 cm. in the benzene tests and 18 cm. in the 
isopentene tests; the hydrogen rate was 2000 cc. per hour in the former 
case and 1000 cc. per hour in the latter. After reduction, the tube was 
tapped to compact the catalyst bed, the shrinkage averaging 20 per cent. 
Practically all of the copper oxide was reduced, even in the presence of 
chromium oxide, as evidenced by the water produced. For example, 
the catalysts containing 99.9, 68.2, and 11.3 per cent of copper (the re¬ 
mainder being chromium oxide) produced 97, 98, and 96 per cent, respec¬ 
tively, of the theoretical amount of water. 
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Amlym of liquid catcdymte 

The composition of the liquid catalysate was estimated from its re¬ 
fractive index. The composition-index curve for isopentane-isopentene 
was plotted from the following data: weight per cent of isopentane, 
0.0, 31.8, 65.2, 100.0; nf, 1.3848, 1.3747, 1.3645, 1.3545. The iso¬ 
pentane was prepared by the hydrogenation of the original isopentene 
with supported nickel (6) at room temperature under 100 atmospheres 
of hydrogen. The hydrogenated product was stable to a nitrating mixture 
and showed a bromine number of 0.1. 

TABLE 1 

Hydrogenation of benzene over copper-chromium oxide catalysts 


Conditions of hydrogenation: 226“C.; 90sec. contact time; ratio of Hj to OjH« »• 7; 

atmospheric pressure 


CrsOt 

iiOLBS OF CrsOa to atoms of Cu 

HYDBOGXNATION OF BKNZXMK 

weight per cent 

0 

0 

loeight per cent 

0 

0.1 

0.0004 

3 

0.5 

0.002 

13 

1.0 

0.004 

13 

5 

0.02 

16 

10 

0.05 

14 

25 

0.1 

8 

50 

0.4 

4 

75 

1.3 

2 

90 

3.7 

1 

99 

41 

0 

100 

00 

0 


Hydrogenation of benzene at atmospheric pressure 

The data in table 1 show that the most active hydrogenating catalyst 
of the copper-chromium oxide series, for the experimental conditions 
used, contains 95 per cent of copper and 5 per cent of chromium oxide. 

The pyrophoric characteristics of the used catalysts ran roughly parallel 
to their activities, the first one (table 1) being non-pyrophoric, the next 
one P3Tophoric, the next three very pyrophoric, the next three less pyro¬ 
phoric, and the last four non-pyrophoric. 

The colors of the used catalysts, given in the order in which they occur 
in table 1, were S, S-B, B, B, Bl-B, Bl-B, Bl-B, Bl-B, Bl, G, G, and G 
(S, B, Bl, and G denoting salmon, brown, black, and green, respectively). 

In one experiment with pure copper (0.001 per cent of nickel), hydrogen 
and benzene were passed simultaneously over the grtmulated oxide at 
225*C. It was thought that the reduced copper mi^t be sufficiently 
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active in statu nascendi to hydrogenate benzene, but this was not so. 
The hydrocarbon catalysate was unchanged benzene {nf, 1.5014). 

Promoting effect of nickel on copper and copper-chromium oxide catalysts 

The data in table 2 illustrate the promoting effect of nickel on copper 
and copper-chromium oxide catalysts, as measured by their ability to 
hydrogenate benzene. 


TABLE 2 


Promoting effect of nickel on copper and copper-chromium oxide catalysts 
Conditions of hydrogenation: 225®C.; ratio of HstoGeHe »» 7; atmospheric pressure 


Cr*Oi 

Ni 

HTDBOOBNATIOIY OF 
BBNZVinD 

CONTACT TXIIB 

vmQhi p«r cent 

wdaht per cent 

weight per cent 

ceeonde 

0 

0.001 

0 

90 

0 

0.005 

4 

90 

5 

0.001 

16 

90 

5 

0.005 

24 

90 

0 

0.2 

19 

12 

5 

0.001 

2 

12 

5 

0.2 

1 

62 

12 


TABLE 3 

Hydrogenation of isopentene over copper-chromium oxide catalysts 
Conditions of hydrogenation: 75®C.; 10 sec. contact time; ratio of H 2 to CsHio * 3; 

atmospheric pressure 


CraOi 

BTOBOOSNATEON OF 
tSOFBNTBmi 

CriO. 

BTOBOOBMATIOK OF 
ISOPBNTBNB 

weight per cent 

weight per cent 

weight per cent 

weight per cent 

0 

0 

25 

85 

0.05 

46 

50 

66 

0.1 

61 

75 

40 

1.0 

79 

100 

0 

2.5 

96 




Hydrogenation of isopentene at atmospheric pressure 

The data in table 3 were obtained with copper-chromium oxide catalj^ts 
which contained about 0.003 per cent of nickel, and experiments were not 
made with catalysts containing 0.001 per cent of nickel, as was done in 
the case of benzene. 

A preliminary survey showed that it was impossible to differentiate be¬ 
tween these catalysts at 100®C. and contact times which were practical for 
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the apparatus. At this temperature all the catalysts in the series, except 
pure copper and pure chromium oxide, were about equally active, as 
shown by the following data: per cent chromium oxide in catalyst, 0, 
0.05, 0.1, 1, 2.5, 25, 50, 75, 100; per cent hydrogenation of isopentene, 
6, 98, 90, 98, 100, 100, 98, 100, 0; contact time in seconds at 100®C., 14, 
12, 9,17, 7,15, 8, 20, 13. 

Effect of tempercdme 

An exploratory run was made at ordinary pressure on the ^ect of tem¬ 
perature. At the conclusion of the run the temperature was brought 
back to the original value and the activity of the catalyst was found 
to be unchanged. In a contact time of 90 sec. the 95 per cent coppei^ 
5 per cent chromium oxide mixture hydrogenated benzene to the extent 
of 16, 9, 2, and 0 per cent at 225®, 200®, 175®, and 150®C., respectively. 

Hydrogenation of ethylene at atmospheric pressure 

An attempt was made to evaluate the copper-chromium oxide series 
of catalysts by the hydrogenation of ethylene at 25®C. and ordinary pres¬ 
sure, but the results were erratic. The catalysts were probably deac¬ 
tivated by oxygen (14). 

Inactivity of pressure-reduced copper 

Copper which had been precipitated by hydrogen imder pressure (8, 
10) was unable to hydrogenate ethylene in 70 sec. at 225®C. and ordinary 
pressure with a hydrogen-ethylene ratio of 5.5, whereas copper prepared 
from the basic carbonate hydrogenated ethylene completely imder these 
conditions, and also in 26 sec. at 100®C. 

Superatmospheric hydrogenation of benzene 

The apparatus was an 850-cc. rotating Ipatieff bomb which was 
equipped with a glass liner. The charge was 50 cc. of benzene, 20 g. of 
reduced catalyst, and 100 atmospheres of hydrogen. The time of rota¬ 
tion was 12 hr. Blank runs made in the absence.of catalyst showed that 
the bomb was non-catalytic under the conditions of the experiments. 

Although it was impossible to differentiate between these catalysts at 
350®C., it was possible to do so at lower temperatures, and the peak of 
the activity curve was in the vicinity of 5 to 25 per cent of chromium oxide 
(table 4). Perhaps the eucoactic composition was displaced at superat¬ 
mospheric pressure toward higher chromium oxide concentrations, but 
the data are incomplete on this point. 

Superatmospheric hydrogenation of isopentene and ethylene 

Isopentene was completely hydrogenated by pure copper in 12 hr. at 
100®C. imder 125 atmospheres of hydrogen, and by all the mixed copper- 
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chromium oxide catalysts, including the 1 per cent copper-99 per cent 
chromium oxide mixture, but it was not hydrogenated by chromium oxide 
itself at KWC., or even at 350®C., in 12 hr. 

TABLE 4 


Superatmospherie hydrogenation of benzene at different temperatures 


CnOi 

HTOBOaSNATXON AT BXFFaBBMT TBMPBBATtTBBB 

150-0. 

200-C. 

250-C. 

350-C. 

weight jm cent 

wtighi per eent 

weight per cent 

weight per cent 

weight per cent 

0 

1 

0 

19 

90 

0.1 

2 

26 

81 

100 

5 

7 

39 

100 

100 

25 

6 

30 

90 

99 

50 

6 

17 

83 

99 

75 

1 

17 

86 

100 

90 

0 

5 

38 

100 

99 

0 

0 

0 

2 

100 

0 

0 1 

0 

0 


TABLE 5 

Deactivation of reduced copper by heat 
Conditions of hydrogenation test: 225®C.; ratio of H 2 to CeHe « 7; 
atmospheric pressure 


DBAOnVATION 

TBICPBBATUBB 

CONTACT TXIM 

ACTIVITY* 

ACTIVITY SXTBAPOLATBD 
TO 150 BBC. CONTACT TIMB 

•c. 

eeconde 



225 

52 

20 

54 


104 

36 



125 

46 


400 

53 

12 

36 


103 

23 



126 

32 


500 

58 

0 

2 


110 

2 



135 

2 



* Per cent hydrogenation of benzene under the conditions of the test. 


Pure copper prepared from the basic carbonate hydrogenated ethylene 
to the extent of 100 per cent in less than half an hour at 200®C., starting 
with an initial ethylene partial pressure at room temperature of 35 atmos¬ 
pheres and 65 atmospheres of hydrogen, but pure copper, prepared by 
reduction of copper ions under pressure, hydrogenated ethylene to the 
extent of only 20 per cent in 12 hr. at 200“C. 
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Hedt-deactivaHon df copper catalyst 

A 200.4-g. sample of granular (6- to 10-mesh) copper oxide (Kahlbaum- 
Schering, fiir Analyse), which contained 0.1 per cent of nickel and smaller 
amounts of other impurities, was reduced at 226®C. for 60 hr. with a 
hydrogen rate of 2000 cc. per hour, 44.5 g. of water being produced. The 
reduced catalyst was cooled in hydrogen and divided into three samples 
which were treated as follows: 

The first sample was heated 16 hr. in hydrogen at 226®C. and then 
tested with benzene at 226®C. in the usual manner. The second sample 
was heated 10 hr. in hydrogen at 400®C., cooled in hydrogen during 5 hr. 
to 226®C., and tested with benzene at 226®(^ The third sample was 
heated 10 hr. in hydrogen at 600®C., cooled in hydrogen during 6 hr. to 
226®C., and tested with benzene at 225°C. The only variable was the 
temperature at which the reduced catalyst was heated just before being 
tested for hydrogenating activity. The activities (per cent hydrogena¬ 
tions of benzene) are given in table 5. The relative activities for the 
catalysts treated at 225®C., 400®C., and 500®(\ are 27, 18, and 1, 
respectively. 

SUMIilARY 

1. The hydrogenating activities of copper-chromium oxide catalysts 
have been evaluated by the hydrogenation of benzene and isopentene at 
atmospheric and superatmospheric pressures. 

2. As chromium oxide is added to copper, the hydrogenating activity 
of the mixture rises abruptly to a maximum at about 5 per cent of chro¬ 
mium oxide, and then falls with continued addition of chromium oxide. 

3. This optimum concentration has been named the eucoactic con¬ 
centration. 

4. Copper is very susceptible to activation by traces of nickel, and 
the 95 per cent copper-5 per cent chromium oxide is even more susceptible. 

The authors express their thanks to Mr. W. J. Cerveny for much of 
the experimental work, and to Dr. W. C. Pierce of the University of 
Chicago for spectroscopic analyses. 
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NEW BOOKS 

Theoretical Electrochemistry, By N. C. McKenna. 469 pp. New York: D. Van 

Nostrand Company, Inc., 1939. Price: $5.50. 

This is a modern, quite up-to-date text on theoretical electrochemistry which is 
well balanced with regard to theory, experimental technique, and results. The 
author distinguishes between irreversible and reversible (or free energy) proper¬ 
ties of solutions of electrolytes and he discusses these on the basis of the theory of 
Debye and Htickel and its more recent extensions. Due credit is given to the work 
of Onsager, Macinnes, and many other workers. The second part of the book is 
devoted to the thermodynamics of reversible cells and the theories of the galvanic 
cell. A chapter on “irreversible electrode processes” and one on “ions in solution” 
are included, in which recent views on these important subjects have been given in a 
satisfactory way. The author states in the preface that the book is not compre¬ 
hensive. However, a more detailed discussion of electrolytes in non-aqueous solu¬ 
tion would have been desirable. Also a discussion of membrane potentials in general 
and of the glass electrode in particular might have been anticipated in a book of this 
nature. 

The first eleven chapters are so good that the monograph could be recommended 
unreservedly, were it not for the fact that the last three chapters, dealing with ionic 
equilibria, the hydrolysis of salts, and neutralization and the theory of indicators, 
are decidedly bad. These chapters are classical in nature, and they give so many 
details of older work based on the theory of Arrhenius that one wonders why the 
author has not modernized these topics and condensed them. For example, to 
write the acid-base equilibrium of an acid salt (equation 561 on page 379) in terms of 
concentrations of undissociated salts is objectionable. The abscissa of figure 96 
(page 399) is incorrect. So is the statement on page 400 that an amino acid shows 
complete acid and base dissociation at the isoelectric point. Several mistakes are 
found on page 421. It is a serious omission that the glass electrode is not mentioned 
on page 426 for the measurement of the pH of ferric salts. The calculation of the 
percentage dissociation of rosolic acid at various pH values is incorrect. On page 
437 it is stated that the pH at which the indicator is half dissociated is called the 
titration exponent; this is never done. The discussion on page 439 of the change of 
pH close to the end point is confusing and very bad. Also incorrect is the state¬ 
ment on page 431 of the behavior of an acidified solution of the sodium salt of p- 
nitrophenol* Probably the author had in mind phenylnitromethane. 
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The discussions on pages 450 and 451 also need drastic revision. It is hoped that 
the author will revise the three last chapters considerably when a new edition is 
prepared. 

I. M. Kolthoff. 

Volumetric and Phase Behavior of Hydrocarbons, By Bbuce H. Sage and William 
N. Lacet. 294 pp.; 188 fig. Stanford University, California: Stanford Uni¬ 
versity Press, 1939. Price: $5.00. 

Much of the data presented in this volume is the well-known work of the authors 
carried out as “Research Project 37“ of the American Petroleum Institute. 

The authors state, “It is the purpose of this volume to set out for consideration 
the fundamental principles and some of the facts relating to that type of hydrocar¬ 
bon behavior which does not involve chemical reactions or changes in the molecular 
species present. The treatment is also limited to cases characterized by the absence 
of solid phases. The portion of the subject thus chosen for discussion finds applica¬ 
tion in the process of petroleum and natural gas production and transportation, 
of natural gasoline manufacture, and of certain parts of petroleum refining.” The 
subject has been developed “in a logical manner, without assuming that the reader 
has made intensive studies of physical chemistry.” 

All who are familiar with the compilations of physical data used by petroleum 
engineers will appreciate the value of the work of Sage and Lacey. As the authors 
have noted, “The quantitative application of scientific principles in petroleum tech¬ 
nology has been retarded by the surprising scarcity of determinations of the neces¬ 
sary constants.” Much of the physical data now used by petroleum engineers has 
been determined since 1920, much of it since 1930. The work presented by Sage 
and Lacey, largely their own, is of the greatest value to petroleum engineers. 

The use of liquid propane in refinery operations, the separation and recovery of 
low-boiling hydrocarbons from gas mixtures, and the recovery of so-called “dis¬ 
tillate” by retrograde condensation from high-pressure natural gas, in the field, 
need only be mentioned to indicate the very practical value and interest of the work 
of Sage and Lacey, The volume contains abundant data, shown mostly by diagrams 
or figures, of the phase behavior of low-boiling hydrocarbon systems. The phase 
behavior of such systems, indicated by the well-known volume of Kuenen, Fer- 
dampfung und Verfliissigung von Gemischen (1906), has been experimentally de¬ 
termined for many gas-liquid systems by Sage and Lacey. This little volume is a 
gem of clear exposition and explanation. 

B. T. Brooks. 

Quantitative Biological Spectroscopy, By Ei^mbr S. Miller. 21.3 x 27.3 cm.; 213 
pp.; 121 fig. Minneapolis: Burgess Publishing Company, 1939. Price; $3.50. 
This is a preliminary, mimeographed edition of a text used by the author in a 
course dealing with the applications of spectroscopy to biological problems, which 
is given in the Department of Botany to advanced students in the biological sciences. 
The author is well known for his outstanding work in the measurement of absorption 
coefficients of compounds having biological importance and in the application of 
photoelectric spectrophotometry to quantitative chemical analysis of such materials. 

The unique and most useful feature of this book, from the viewpoint of the physi¬ 
cal chemist, is the detailed discussion of spectroscopic apparatus, particularly that 
used in photoelectric spectrophotometry. The characteristics of specific types of 
equipmant on the market are discussed and procedures and precautions in the use 
of the apparatus are made clear, so that anyone intending to work in this field 
will know exactly what equipment he can get, how to set it up, and how to use it. 
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Even those familiar with the technique will find it profitable to study the author’s 
very practical recommendations. 

In addition to the technical information, there are several chapters showing how 
spectroscopy has become an important tool in the study of vitamins, cytochrome, 
hemoglobin, and lipids. Of especial interest is the summary of recent researches 
on lipid metabolism by the author and his associates. Another noteworthy chap¬ 
ter is that dealing with the quantitative spectroscopic analysis of binary and ternary 
systems. The discussion is illustrated by data taken from the author’s publica¬ 
tions. 

However, this book shows too plainly that it was finished in a hurry. Mistakes 
in spelling and grammar are too common. An occasional definition or explanation 
is not exact or complete enough to be of value to one who is not already familiar 
with the subject. These faults will no doubt be corrected in the next edition. 

Joseph Valasek. 

The Raman Effect. By Jambs H. Hibben. 6 x 9 in.; 544 pp. New York: Reinhold 

Publishing Corporation, 1939. Price: $11.00. 

The remarkable development in the study of Raman spectra of all types of sub¬ 
stances since the discovery of this phenomenon by Sir V. Raman in 1928 can best be 
seen in the tremendous growth of the literature of this subject. The present volume 
gives one thousand nine hundred and eighty-seven references, compiled in two 
bibliographies which are arranged alphabetically. The second or supplementary 
bibliography (two hundred and thirty papers) is not used in the text proper, but 
it brings the subject up to date. It is evident that the routine labor of systematiz¬ 
ing and compiling this scientific material is a major effort, requiring great accuracy 
and perseverance. The author is to be congratulated on the execution of such a 
time-consuming task. By the same token it is also obvious that the scientific com¬ 
munity owes Dr. Hibben a vote of thanks for having undertaken this arduous labor. 
Workers in the special field of Raman spectrography owe a particular debt to the 
author, since the present volume is the only comprehensive compilation in English 
of this interesting field of research. 

The volume is divided into three parts. Part I gives a general discussion of the 
Raman effect in practice and theory and includes six chapters dealing with such 
topics as the nature of the Raman effect, the experimental methods used, the defini¬ 
tion of terms employed, vibration and rotation of polyatomic molecules, the general 
theory of infrared absorption spectra and the Raman effect, the determination of 
Raman frequencies and factors which modify the vibrational and rotational spectra. 
The material is presented in a rather descriptive, narrative, non-mathematical style 
and should help the student to understand other more theoretical treatments. For 
the sake of simplification the author has employed a novel method of presentation 
by eliminating (in chapters IV to VI) most of the names of the scientific workers 
responsible for the development of the subject. 

Parts II and III are a compilation of the existing information on this subject of 
Raman lines, divided into organic compounds (Part II, Chapters 7,to 19) and in¬ 
organic compounds (Part III, Chapters 20 to 29). The material is arranged very 
systematically, and ninety-three tables and seventy-two figures help greatly in the 
presentation of the large amount of information contained in the book. It will be 
evident to anyone reading this treatise that a still much larger effort is before us for 
further improving and completing our knowledge of molecular structure by the use 
of this interesting phenomenon. In spite of the large number of scientific publica¬ 
tions enumerated in the present volume, a great deal of work still lies ahead. In 
this sense the book contains hundreds of suggestions for further research. 
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The book does not possess the usual type of index. Besides the two bibliographies 
mentioned there is an ^*index of compounds,” which gives a complete tabulation of 
Raman work up to the present time. A further section called ^numerical index” 
is a helpful aid for cross reference. The printing of the volume is done with care and 
the tables are neatly arranged, but the draftsmanship of the figures could be better. 
Scientific libraries, physicists, and chemists interested in the general field of molec¬ 
ular structure will need this compendium in their work. 

Gbo. Glock^bb. 

Molecular Spectra and Molecule Structure* I, Diatomic Molecules, By Gbbhabd 

Hbbzbbbg. 6 X 9 in.; xviii + 692 pp. New York: Prentice-Hall, Inc., 1939. Price: 

16.50. 

This book is the English translation of the German version; according to the 
author a number of additions have been made and in several places the text has been 
improved to cover more recent developments. The table containing the molecular 
constants for the normal state of diatomic molecules has been revised to date (July, 
1939). 

All workers in this country interested in band spectroscopy and the structure of 
molecules will welcome this volume as presenting this intricate field of physics and 
chemistry in their own language, with a clarity of style and a forceful directness 
which cannot be surpassed. Similar books have been written, but the present vol¬ 
ume portrays the subject with just the right balance between theory and experimen¬ 
tal material to make its perusal a distinct pleasure. Every chemist and physicist 
and all students interested in these branches of physical science will want to own 
this work. Beginning students will have to read appropriate texts in wave mechan¬ 
ics in order to follow the presentation, for the author has wisely refrained from 
extraneous mathematical derivations which would only serve to confuse the issues 
involved in any given discussion. After a short r6sum6 of the elements of atomic 
structure in the first chapter, the remaining chapters (2 to 8) cover the following 
topics: Observed molecular spectra and their representation by empirical formulae; 
rotation and vibration of diatomic molecules, interpretation of infrared and Raman 
spectra; general discussion of electronic states and electronic transitions and their 
finer details; building-up principle, electron configurations, and valence; continuous 
and diffuse molecular spectra, dissociation and predissociation and, finally, ex¬ 
amples, resuUs, and applications. The last three chapters (6 to 8) will be of special 
interest to the chemist, for there is presented the modern picture of valency theory, 
at least in its beginnings, and several applications to other chemical topics, such as 
free radicals and photochemistry, are touched upon. However, the important 
function of this review is perhaps to stress the fact that the chemist must know 
some band spectroscopy if he would understand the modern approach to his own 
science. 

The book contains thirty-eight tables and one hundred and eighty-one illustra¬ 
tions. They really are works of art. The draftmanship is superb. The whole 
makeup of the volume is most excellent. The reviewer considers it a privilege to 
have had the opportunity of reading this book. 


Gbo. Glooklbb. 
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Equilibrium in liquid mixtures has been studied for a large number of 
ternary systems, but no detailed study of a quaternary system such as will 
be considered in this paper has, so far as we are aware, been reported. 

The choice of liquids to be used was based on the ease of purification and 
analysis, the particular system studied being composed of acetone, acetic 
acid, chloroform, and w^atcr at a temperature of 25®C. 

• 

PURIFICATION OF THE FOUR COMPONENTS 

Pure glacial acetic acid crystals were prepared by equilibrium melting, 
and the resultant acid was freed from water by distillation with the addition 
of ethylene dichloride. The ethylene dichloride was found to be stable in 
boiling acetic acid solution, no chlorine derivatives being formed. 

Analar acetone w^as dried over calcium chloride, filtered, and fraction¬ 
ated. The fraction distilling at 56.0®C. at 760 mm. was employed. 

Distilled water was treated with solid barium hydroxide, filtered, and 
redistilled. 

Analar chloroform was fractionated and the fraction boiling at 61.1®C. 
at 760 mm. was employed. 

All solutions were stored in clean dry Winchester bottles, fitted with 
soda lime tubes and hand pumps for transfer of reagents. Air in the 
storage bottles was previously displaced by nitrogen. 

METHODS OF ANALYSIS 
1. Chloroform 

A method was developed for the estimation of chloroform, based upon 
the formation of potassium chloride by treatment with alcoholic potassium 
hydroxide, the potassium chloride formed being titrated with silver 
nitrate. 

About 5 ml. of chloride-free normal alcoholic potassium hydroxide was 
weighed in a small stoppered glass tube. A few drops of chloroform were 
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added and the rasraghed tube dropped into a flask containing 40 to 50 
ml. of normal ilcoholic potassium hydroxide. 

The solution was then refluxed imder two double-surface condensers 
in series, down which trickled alcoholic potassium hydroxide. The reac- 
ticm was found to be complete within 15 min. The solution was then 
cooled to O^C., filtered, and washed with alcohol previously saturated 
with potassium chlorate at room temperature. The potassium chloride 
was dissolved in chloride-free water, the solution made up to 100 ml., and 
aliquot parts taken for titration with silver nitrate. 

SB. Acetone 

For the estimation of this component a modification of Messingers’ (1) 
method was used. It is based on the formation of iodoform by the addi¬ 
tion of iodine to an alkaline solution of acetone. The excess iodine is 
liberated by acid, and titrated with sodium thiosulfate. 

About 10 ml. of water was weighed in a glass-stoppered bottle, ten drops 
of acetone were added, and the mixture was reweighed and made up to 
200 ml. A 25-ml. portion of this acetone solution was then pipetted into a 
conical flask containing 25 ml. of normal caustic soda. Twenty-five 
milliliters of decinormal iodine was run in slowly, the liquid in the flask 
being gently agitated. 

The flask was stoppered and allowed to stand at room temperature until 
the yellow iodoform settled out, and the supernatant liquid was perfectly 
clear. The clear solution was then neutralized with 2 N sulfuric acid. 
To avoid using excess acid, this was run in until the solution was just brown 
due to liberated iodine. The brown color was then discharged with deci¬ 
normal sodium thiosulfate. A few more drops of acid were added, which 
again darkened the solution, and the titration was continued. Proceeding 
in this way it was possible to restrict the excess acid to not more than one 
drop. Towards the end of the titration starch indicator was added, the 
end point being sharp. Inconsistent results were obtained only when 
insufficient time had been allowed for the complete formation of the iodo¬ 
form. By waiting until the iodoform settled, leaving the supernatant 
liquid perfectly clear, complete iodoform formation was assured. 

S. Acetic add 

The acetic acid was estimated by titration with barium hydroxide free 
from carbon dioxide. In view of the low concentration of acetic acid 
encountered in certain parts of the work it was found essential to employ 
an indicator, the pH range of which included the pH of the reaction, found 
by calculation and electrometric titration to be about 7.5 for the concen¬ 
trations used. From a comparison of determined and calculated titration 
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curves it was clear that a suitable indicator should have a pH range from 
6 to 8. 

Titrations were then made using different indicators of this range. 
The indicator under test was added to 10 ml. of a buffer solution of pH == 
7.5 and titration made to this color standard. By this method bromothy- 
mol blue was found to be the most suitable indicator for the titration. 

DETEBMIHATION OF TERNARY CURVES AND TIB LINES 

Known weights of chloroform and acetone were run into a small glass 
bottle which was then attached to a buret containing water and immersed 

TABLE 1 


Ternary ieoiherm data for the eyetem aceUme-chloroform-v>ater at 


▲CSTONH 

CBLOROrOBM 

WATSB 

weight per cent 

weight per cent 

weight per cent 


99.2 

0.2 

18.8 

80.0 

1.2 

28.5 

70.0 

1.5 

42.3 

55.2 

2.5 

52.0 

43.4 

4.6 

57.3 

35.4 

7.3 

60.5 

28.5 

11.0 

60.0 

22.0 

18.0 

59.2 

17.8 

23.0 

58.5 

14.5 

27.0 

56.6 

11.0 

32.4 

55.6 

10.0 

34.4 

54.0 

8.6 

37.4 

53.2 

8.0 

38.8 

51.6 

7.0 

41.4 

49.0 1 

5.6 

45.4 

42.6 

3.2 

54.2 

35.5 

2.3 

62.2 

26.0 

1.5 

72.5 

15.5 

1.0 

83.5 


0.6 

99.4 


in a thermostat at 25'’C. Water was run into the bottle imtil the solution 
became slightly opalescent. The solution was then allowed to attain the 
temperature of the thermostat, and the addition of water was continued 
until turbid. 

The volume of water added was recorded, the buret temperature read, 
and the titer in milliliters converted into grams. In this manner one half 
of the isotherm was obtained. Known weights of acetone and water were 
then run into a dry bottle and the solution titrated in the same way with 
chloroform to give the remainder of the isotherm. 
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TABLE 2 


Ternary isotherm data for the system acetic acid-chloroform-water at 


Acunc ACXO 

GHLOBOFOBM 

WATBB 

weight per cent 

weight per cent 

weight per cent 


99.2 

0.8 

8.7 

90.0 

1.3 

17.8 

80.0 

2.2 

26.0 

70.0 

4.0 

29.0 

65.0 

6.0 

32.1 

60.0 1 

7.9 

36.0 , 

55.0 

10.0 

41.1 

45.0 

14.0 

43.5 

40.0 

16.6 

46.0 

35.0 

19.0 

49.7 

25.0 

26.3 

50.6 

20.0 

29.4 

50.0 

15.0 

35.0 

47.6 

10.0 

42.4 

43.6 

6.4 

60.0 

36.5 

3.6 

60.0 

34.6 

1.9 

63.5 

24.9 

1.6 

73.5 

18.8 

1.2 

80 0 

9.2 

0.8 

90.0 


0.6 

99.4 


TABLE 3 


Ternary tie line data for the system acetic acid-chloroform-water at 


COliPONBNTS 

INITIAL MIXTUBB 

TOP LAYER 

BOTTOM LAYER 


weight par cent 

weight per cent 

weight per cent 

Acetic acid. 

10.0 

17.4 

4.1 

Chloroform. 

50.0 

1.1 

95.0 

Water. 

40.0 

81.5 

0.9 

Acetic acid. 

23.5 

34.1 

10.8] 

Chloroform. 

40.0 

2.6 

87.8 

Water. 

36.5 

63.3 


Acetic acid. 

34.0 

44.5 

17.9 

Chloroform. 

35.0 

7.0 

80.0 

Water. 

31.0 

48.5 

2.1 

Acetic acid. 

37.0 

49.6 

22.6 

Chloroform. 

41.0 

12.4 

74.4 

Water. 

22.0 

38.1 

3.0 


See table 9. 
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The equilibrium data for the acetone--chloroform-water system are 
given in table 1. The data so found agreed closely with those given by 
Hand (2) for this system. 


TABLE 4* 

Ternary tie line data for the ay stem acetone-chloroform-water at f^5^C. 


COUPOMBNTS 

INITIAL MIXTURE 

TOP LATBR 

BOTTOM LATBR 


"might per cent 

weight per cent 

weight per cent 

Acetone. 

6.0 

3.0 

9.0 

Chloroform. 

44.0 

1.0 

90.0 

Water ... 

50.0 

96.0 

1.0 

Acetone. 

17.0 

8.3 

23.7 

Chloroform. 

43.0 

1.2 

75.0 

Water. . 

40.0 

90.5 

1.3 

Acetone. 

24 0 

13.5 

32.0] 

Chloroform ... . 

38.0 

1.5 

66.4 * 

Water . 

38.0 

85.0 

1 ej 

Acetone. 

29.0 

17.4 

38.0 

Chloroform . . . 

33.0 

1.6 

60.0 

Water. 

38.0 

81.0 

2.0 

Acetone.... 

34.0 

22.1 

42.5 

Chloroform. 

33.0 

1.8 

55.0 

Water. 

33.0 

76.1 

2.5 

Acetone. 

35.0 

25.5 

42.6 

Chloroform. . 

31.0 

1.5 

55.0 

Water. ... 1 

34.0 

73.0 

2.4 

Acetone. 

44.0 

31.9 

50.5 

Chloroform. 

30.0 

2.1 

45.0 

Water. 

26.0 

66.0 

4.5 

Acetone. 

50.0 

44.5 

57.0 

Chloroform. 

20.0 

4.5 

35.0 

Water. 

30.0 

51.0 

8.0 


* See table 8. 


The equilibrium data for the system acetic acid-water-chloroform were 
determined in an exactly similar way and are given in table 2. This system 
has been previously studied by Wright (3) and Hand (2), whose results are 
closely coincident with the present data. 

For the determination of tie lines, known quantities of the three liquids 
acetone-chloroform-water or acetic acid-chloroform-water such as would 
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form two layers were placed in asmtdl glass«toppercd bottle. This bottle 
was immersed in the thermostat at 25'’C. for about 30 min., removed, 
dried, and placed in an insulated tube at 25®C. The tube was fitted to a 
shaking machine and agitated for 2 hr. The glass bottle was then re- 
immersed in the thermostat until both laye'rs when viewed in a cone of 
light were clear. 

Samples for analysis were withdrawn from each layer by means of a 
glass tube drawn into a very fine capillary and fitted with a rubber teat. 
The top-layer sample, usually about 0.5 g., was weighed in a small glass- 
stoppered tube and the whole dropped into water. The resultant solu- 

acetone 



Fio. 1. Schematic representation of the quaternary system by a regular tetrahedron 

tion was made up to a convenient volume, and aliquot parts taken for 
anatysis of acetone and acetic acid. 

For chloroform determination in both top and bottom layers the small 
tube was dropped into alcoholic potash. As samples from the bottom 
layers contained most of the chloroform, it was necessary to dissolve the 
bottom layer in acetic acid when analyzing for acetone, and in neutral 
alcohol when analyzing for acetic acid. 

The total weights of the two layers were ascertained, and from these 
values, together with the concentrations of the three components in each 
Ifliyer as determined by analysis, the total weight of each component in the 
tprofjayer system was cidculated. If these calculated weights differed by 
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more than ± 4.0 per cent from the weights of the three liquids originally 
taken, the results were discarded. The average experimental error in the 
data obtained was db 0.9 per cent. 

Tie line data for the two systems are given in tables 3 and 4. 

• TABLE 5 


Quaternary isotherm data for the system acetone-acetic acid-chloroform-waier at 


1 

ACBTOMB 

CHLOBOFOBM 

mxxtvrb: 30 pbb cbbt acbtic acid 
AND 70 PBB CBNT WATER 

weight per cent 

weight per cent 

teeight per cent 


98.5 

1.5 

40.0 

56.4 

3.6 

49.2 

43.8 

7.0 

54.4 

32.0 

13.6 

54.2 

26.8 

19.0 

53.0 

23.5 

23.5 

51.0 j 

21.0 

28.0 

45.7 1 

16.1 

38.2 

41.0 

13.0 

46.0 

32.9 

8.1 

59.0 

22.7 

4.2 

73.1 

13.5 

2.5 

84.0 


1.9 

98.1 

TABLE 6 


Quaternary isotherm data for the system acetone-acetic acid-chloroform-water at 26°C. 


ACBTONB 

CHLOROPORM 

1 

mxxttbb: 40 pbr cbnt acbtic acid 
AND 60 PBR CBNT WATBR 

weight per cent 

weight per cent 

weight per cent 


98.6 

1.4 

14.1 

83.4 

2.5 

39.7 

54.3 

6.0 

46.3 

43.1 

10.6 

47.7 

36.6 

15.7 

47.4 

31.6 

21.0 

45.7 

27.0 

27.3 

42.8 

22.8 

34.4 

38.0 

18.6 

43.4 

31.1 

13.9 

55.0 

18.7 

7.7 

73.6 

10.2 

6.3 

83 .*5 


4.4 

95.6 


QUATERNARY EQUILIBRIUM CURVES 

In figure 1 a schematic representation of the quaternary system is given 
in the usual manner by a regular tetrahedron. In all figures in this paper 
where solid models are illustrated schematic representation has been used, 







690 


A. V. BRANCKIDB, T. G. HUKrTEB AKO A. W. NASH 


TABLE 7 


QwUemary Uotherm data for the tystem ae^one-acetie acid-ehloroformr-water at 


ACHTONS 

OBLOBOrOBM 

MXXTUBS: (M.7 W9B OaifT AOBTtC 
Acn AKP 88.8 PSB oaiiT watsb 

Weight fMT e$nt 

W 0 ighi |Mr emt 

W0ightp$re0nt 


97.4 

2.6 

4.7 

91.9 

3.4 

16.2 

79.8 

4.0 

26.0 

66.4 

7.6 

31.8 

64.7 

13.6 

31.6 

47.9 

20.6 

29.0 

42.6 

28.6 

23.0 

38.4 

38.6 

14.5 

34.2 

61.3 

6.1 

27.9 

66.0 


26.6 

73.6 
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that is, such figures are not exactly quantitative. All the remaining 
figures, however, are quantitative. The two ternary equilibrium curves 
for acetone-chloroform- water and acetic acid-chloroform-water lie on 
two triangular faces of the tetrahedron. By joining the two ternary iso¬ 
therms a hollow figure or frustum is obtained inside the tetrahedron, 
as shown in figure 1; this frustum should define the heterogeneous region. 

From the chloroform apex C of the tetrahedron in figure 1 a line is drawn 
on the base of the figure to a point M on the side of the triangular base 
opposite the chloroform apex. This point M represents a mixture of 
acetic acid and water in a known ratio. From M a line AfA is drawn to 


CHLOROFORM 



Fia. 3. The tetrahedron projected orthogonally on to the acetic acid-acetone- 

chloroform base 

the acetone apex. This construction gives an isoscles triangle CM A, 
where CM = MA. The intersection of the plane CM A with the quatern¬ 
ary equilibrium surface gives a quaternary equilibrium curve shown in 
figure 1, where x and z are the points of intersection of CM with the acetic 
acid-chloroform-water isotherm. 

A number of acetic acid-water mixtures were prepared whose composi¬ 
tion could be represented by points M, Mi and M21 etc. The quaternary 
equilibrium curve in each triangular plane CMnA was then determined by 
titrating known acetone-chloroform mixtures with the prepared acetic 
acid-water mixtures M, Mi and M*. Equilibrium data obtained in this 
way for three quaternary isotherms are given in tables 6, 6, and 7. 






6d2 A. V. BBANCKmR, f. 6. fitWtKR AND A. W. NA6ff 

The quaternary equilibrium data were plotted on equilateral triangles, 
as for a ternary system acetone-ehloroform-mixture ilf„. The actual 
equilibrium curves as xyz in figure 1, however, are situated on triangles 
which are not equilateral, but isosceles. It is a simple matter of geo¬ 
metrical manipulation to transfer the curves from the equilateral triangle 
to the isosceles triangle CMJP^ The curves so obtained are then true 
quaternary equilibrium curves as they exist in the tetrahedron. In 
figure 2 the, tetrahedron has been sectioned through the perpendicular 
plane ATD, The section through ATD cuts the acetone-chloroform- 
water and the acetic acid-chloroform-water isotherms at the points S 
and TT, respectively, and cuts the quaternary isotherm xyz for the acetone- 
chloroform-mixture M system at the point y. By drawing the triangular 
plane ATD separate from the tetrahedron and locating on it geometrically 
the points jS, y^ and TT, the shape of the equilibrium surface can be ob¬ 
tained from the curve SyW, Four parallel sections through the tetra¬ 
hedron were taken and the curves of section plotted. In each ease the 
curve of section was found to be a straight line. 

In figure 3 the tetrahedron has been projected orthogonally on to the 
acetic acid-acetone-chloroform base. Both of the determined isothermal 
ternary curves are shown in the figure, together with two of the isothermal 
quaternary curves. A projection with the tetrahedron in this position 
gives the shape of the equilibrium surface, and it will be seen that the 
quaternary isotherms touch the straight line /S'Tfwhich is the projection 
profile of the equilibrium surface. 

The frustum inside the tetrahedron as illustrated in figure 1 therefore 
represents the heterogeneous region for the quaternary system at 25®C. 

QUATERNARY TIE LINES 

Any point inside the quaternary equilibrium surface is in the hetero¬ 
geneous region and represents a mixture of composition such that it forms 
two layers. The composition of the two layers can be represented by two 
points on the equilibrium surface in positions such that a straight line can 
be drawn through them and through the point representing the composition 
of the original mixture separating into two layers. The line so obtained is 
a quaternary tie line. 

It was found that a quaternary tie line was situated on the line of inter¬ 
section of two planes, each of which had for its base line a ternary tie line 
in the two difiPerent ternary systems. This is shown in figure 4, where 
DEF and AQH are the two planes, MN and KL are ternary tie lines, and 
OP is the quaternary tie line on the line of intersection IJ of the two planes. 
The quaternary tie line OP contained on IJ terminates at the quaternary 
equilibrium surface. 
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A number of such coplanar tie lines, or tie lines on the same plane, 
would by terminating at the equilibrium surface form a curve, such as 
KQL or MRN in figure 4. 

These curves are also formed by the intersection of the tie line planes 
with the equilibrium surface as is clearly shown in figure 5, where the curve 
KQL is formed by the intersection of the tie line plane DEF with the 
equilibrium surface. 

Mixtures of the four components acetic acid, chloroform, acetone, and 
water were prepared of composition such that two phases were formed at 

TABLE 8 


Quaternary tie line data for Ike system acetone-acetic acid-chloroform-water at tS°C. 
Initial mixtures all lie in the plane of the ternary tie line marked * in table 4 


COlfPOKBMTB 

XirXTtAli mXTURB 

TOP LAYBR 

BOTTOM LATBB 


weight per cent 

weight per cent 

weight per cent 

Acetone. 

21.6 

11.2 

31.6 

Acetic acid. 

9.3 

16.3 

3.3 

Chloroform. 

32.8 

1.8 

63.5 

Water. 

36.3 

71.7 

1.6 

Acetone. 

19.2 

9.3 

29.2 

Acetic acid . 

19.6 

29.9 

8.7 

Chloroform. 

29.6 

3.7 

68.8 

Water. 

31.6 

67.1 

3.3 

Acetone. 

19.2 

10.8 

25.8 

Acetic acid. 

26.6 

38.2 

16.2 

Chloroform. 

30.6 

9.8 

51.8 

Water. 

23.6 

41.2 

6.2 

Acetone. 

18.0 

13.6 

22.8 

Acetic acid. 

32.0 

39.0 

24.1 

Chloroform. 

30.0 

19.1 

42.5 

Water. 

20.0 

28.3 

10.6 


26®C. Further these mixtures were so chosen that their composition could 
be indicated by points on a triangular plane having for its base line a 
ternary tie line. From the predetermined ternary tie lines two tie lines 
were selected, one in the acetone-chloroform-water system and the other 
in the acetic acid-chloroform-water system. The composition of mixtures 
such as would fall on these two tie line planes and also in the heterogeneous 
region were then calculated, and these mixtures were used in the experi¬ 
mental determination of quaternary tie lines. In this way two series of 
coplanar quaternary tie lines were obtained. Experimental data for the 
two series of tie lines are given in tables 8 and 9. 
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As was done for the ternary tie lines, any experiment giving an error in 
the weight balance of any component greater than =t 4.0 per cent was 
rejected. The average experimental error was ±1.0 per cent. 

In figure 6 DE^F' and AV'W are orthogonal projections of the tie line 
planes DBF and AGH. These two tie line planes intersect to give the line 
of intersection IJ in figure 4. In figure 6 the points V and /' give the 

TABLE 9 

Quaternary tie line data at 25°C. 

Initial mixtures all lie in the plane of the tic line marked * in table 3 


COMPONBNTB 

IMXTIAl, BCIXTUBB 

TOP LATER 

BOTTOM LATBR 


weight per cent 

weight per cent 

weight per cent 

Acetic acid. 

19.6 

32.8 

9.6 

Acetone . . 

8.5 

4.6 

11.8 

Chloroform. 

43.5 

3.1 

76.8 

Water. 

28.4 

59.5 

1.8 

Acetic acid. ... 

20.0 

31.6 

9.6 

Acetone . 

14.4 

7.5 

20.3 

Chloroform. . . . 

37.4 

3.5 

67.3 

Water. 

28.2 

57.4 

2.8 

Acetic acid . . ... 

18.0 

30.4 

9.2 

Acetone... 

21.2 

10.9 

28.9 

Chloroform. 

35.0 

3.9 ♦ 

57.9 

Water. 

25.8 

54.8 

4.0 

Acetic acid . . 

17.6 

28.8 

9.6 

Acetone. . 

27.2 

15.4 

36.8 

Chloroform. 

28.1 

4.4 

47.3 

Water. . . . 

27.1 

51.4 

6.3 

Acetic acid . . 

16.0 

24.2 

11.2 

Acetone 

36.7 

24.4 

44.3 

Chloroform . . 

21.7 

6.9 

30.8 

Water. 

25.6 

44.5 1 

13.7 


projection of the line of intersection, and this line therefore contains in 
its length the projection of a quaternary tie line. 

In this manner it is possible to obtain a series of lines each containing 
in its length the projection of a quaternary tie line. These lines in them¬ 
selves however give no indication of the position occupied in their length 
by the projected tie lines. This position can only be defined by the pro¬ 
jection of the curve KQL of figures 4 and 5. 

In figure 7 the projection of actual lines of intersection of a single 
acetone-chloroform-water tie line plane with a series of acetic acid- 
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chloroform-water tie line planes are shown as broken lines. Projections 
of the corresponding quaternary tie lines are shown as full lines coincident 


Acerie acid 
0 



Fig. 6 


Acme Acio 

o 



Fig. 7 

oi course with the projected lines of intersection, but only occupying a 
portion their length. The curve joining the terminal points of the pro¬ 
jected tie lutes is tiie projection of the quaternary tie line curve KQL of 
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figures 4 and 6. The projection of such quaternary tie line curves can be 
easily obtained by geometrical construction without actually knowing 
the quaternary tie lines. 

In figure 8 ATD is a triangular plane in the tetrahedron perpendicular to 
the base. S and W are points of intersection of this plane with the ace- 
tone-chloroform-water and acetic acid-^hloroform-water isotherms, 
respectively. U is the intersection of plane ATD with the ternary tie 
line KLf and UD is the intersection of the plane ATD with the tie line 
plane EFD. 

SQW is the intersection of the quaternary equilibrium surface with the 
plane A TD, In this particular case /SQTT is a straight line but as a general 

ACETONE 



WATER 

Fig. 8 


case its contour, curved or straight, would be known from the method of 
triangular section applied earlier (c/. figure 2). 

Point Q lies on the quaternary tie line curve and can be located from the 
intersection of UD and SW, Q' is the orthogonal projection of Q on to the 
base of the tetrahedron. As ATD is a perpendicular plane, Q' must 
be on TD, 

A series of planes similar to ATD would in this manner give a series of 
points similar to Q and a corresponding series of projected points similar to 
Q*f which would define the projection of such a quaternary tie line curve. 

It is possible to obtain such a curve in the EFD plane by titration where 
the three components are (1) acetic acid, (H) the acetone-chloroform 
mixture represented by point E (figure 8), and (S) the acetone-water mix- 
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ture represented by point F (figure 8). This is unnecessary, however, ^ 
it is easily calculated by the above construction. 

It has been shown that in this quaternary system of mixed liquids a 
knowledge of the tie lines in the two heterogeneous ternary systems, to¬ 
gether with a knowledge of the shape of the equilibrium surface, enables 
the quaternary tie lines to be located. 

THE COMPLETE QUATERNARY SYSTEM 

The complete quaternary system acetic acid-ehloroform-acetone-water 
at 25®C. is illustrated in figure 9. The two ternary isotherms acetone 

ACETONE 


Aceric AGIO 


WATER 

Fig. 9. The complete quaternary system acetic acid-chloroform-acetone-water 

at 25°C. 

chloroform-water and acetic acid-chloroform-waler define the hetero¬ 
geneous region on two sides of the tetrahedron. The points of intersection 
of the ternary isotherms and triangular shaped planes perpendicular to 
both the acetone-chloroform-water and the acetic acid-chloroform- 
water triangles when joined by straight linos outline a frustum which 
defines the heterogeneous region. 

One tie line in each of the two heterogeneous ternary systems is shown 
in figure 9. The planes passing through each of these tie lines and the 
opposite apex of the tetrahedron intersect to give a quaternary tie line 
whose two terminal points lie on the quaternary equilibrium surface. 
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I. INTRODUCTION. THE ENERGETIC BASIS 

In some previous publications (3) an attempt has been made to revise 
the fundamental concepts of energetics and to formulate the fundamental 
laws of thermodynamics on the basis of new points of view. It is the 
concept of heat evolution and the relation between heat and work as ad¬ 
vanced by classical thermodynamics which has particularly called for 
criticism and necessitated a revision of the accepted theories. As an intro¬ 
duction to the present paper it will be necessary to delineate briefly certain 
of the elementary considerations which have contributed particularly to 
this altered orientation. 

It should be observed first that traditional thermodynamics does not 
seem to recognize the fundamental difference between the problems of 
defining, on the one hand, amounts of heat communicated, i.e., added to 
or removed from a system through thermal conduction or radiation, and, 
on the other hand, heat produced or consumed within the boundary of the 
system itself. 

In traditional thermodynamics heat communicated is defined and de¬ 
termined by means of calorimetric methods which are at any rate self- 
consistent. As regards heat produced or consumed, no general definition 
exists to separate it from heat communicated. The practical determina¬ 
tion of heat evolution imitates the methods employed in the determination 
of heat communicated, the temperature change at the process, irrespective 
of its reversibility, being introduced as an indicator and a measure of the 
heat involved. This procedure, however, completely lacks a theoretical 
foundation, and leads in a great measure to contradiction with the funda¬ 
mental principle, recognized and made use of also in classical thermo¬ 
dynamics, that heat is a form of energy the production and consumption 
of which demands an energetic equivalent. 

A simple example will illustrate this assertion. If by means of a weight 
falling through a certain distance an ideal gas of pressure p is compressed 
from the volume i; to t; — dt;, it is claimed by classical thermodynamics 
that, owing to the rise in temperature, an evolution of heat takes place, 
which in the case considered has the value pdv. This well-known inter¬ 
pretation of the compression process, hoVever, entirely overlooks the fact 
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that on compression the gaseous syston, i.e., the gas + the sttifounding 
vacuum, has received an amount of work pdv, exactly equal to the loss 
of work accompanying the transport of the weight. Accordingly, if the 
energy principle has to be maintained, no room will be left for the addi¬ 
tional production of energy such as the pretended evolution of heat would 
imply. 

On the other hand, when an ideal gas expands irreversibly, the classical 
theory postulates the evolution of heat to be zero, because of the rise in 
temperature being zero. This interpretation cannot be maintained either, 
since the irreversible expansion, exactly as the irreversible fall of a weight 
from a higher to a lower position or the irreversible flow of electric charges 
from higher to lower potential, is accompanied by a loss of work and 
thwefore, if the energy principle is to be fulfilled, must evolve heat. 

With this lack of clarity in the traditional conception of heat evolution, 
obviously a corresponding lack of clarity as to the concept of work is closely 
connected. In the first place, on account of the straight phenomenologic 
analogy between the various basic processes, it is not x)ermissible to con¬ 
fine the concept of work to processes of a mechanical nature. This is well 
recognized in the classical treatment, as shown by its introduction of an 
electric work term as an energetic concept. Exclusion of chemical, 
thermal, and other kinds of work, however, does not only mean incom¬ 
pleteness and awkwardness in the treatment, but imavoidably leads to 
contradiction. In the second place, as clearly illustrated by the above 
example, one finds in classical thermodynamics a fatal uncertainty as 
regards the purely elementary enumeration of the individual members of 
work taking part in a process. 

It is under the impression of these and similar decisive weaknesses in the 
classical conception, regarding which further information is to be fotmdin 
the papers quoted above, that a rationalized exposition of the fundamental 
problems of thermodynamics has been attempted. As an essential part of 
such an exposition it has proved necessary first to analyze more closely 
the nature of the fundamental energetic entities and of the elementary 
components in which the changes occurring in nature can be schematically 
divided. For this purpose the concepts of quantity and intensity or 
potential already used by earlier authors have proved suitable, the sense 
of these concepts appearing particularly clearly through introducing the 
idea of the basic energetic process. 

By this term is meant transport or displacement of energetic quantities, 
in the first place entropy, volume, chemical substance, and electricity, 
between states which may be characterized by thrir energetic potentials, 
i.e., temperature, pressure, chemical and electrical potential. To such a 
process, as a l<^cal extoision of the exisring mechanical concept of work, 
l^re must quite generally be coordinated a loss of mrk, given as the 
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product of the amount of quantity transported and the difference between 
the corresponding potentials in the two states: 

SA = (P, - P,)BK (1) 

This loss of work is said to take place within the system which contains 

the quantities transported. In particular we may write for the thermal 
loss of work: 

6A = (Ti - T,)5S (2) 

T being the temperature and S the entropy.^ 

The basic processes described here are necessary constituents of all 
natural changes. The changes consisting of basic processes alone are 
reversible changes. The fundamental law governing such changes is the 
work principle^ which postulates that the total loss of work involved in the 
reversible process is zero: 

XBA = 0 ( 3 ) 

This equation, which emphasizes the perfect symmetry with which all 
basic processes enter in the process, offers a simple and exhaustive descrip¬ 
tion of the reversible phenomena in nature and does not in any way lead 
to contradiction. 

In the irreversible changes, in addition to the basic processes, an evolu¬ 
tion of heat will take place. Now the work principle is no longer valid, 
since a positive loss of work will occur in the system, which, irrespective 
of the nature of the basic processes, is equal to the heat produced: 

= dQ (4) 

This heat, which we shall call the emrgetic heat evolution^ and which ob¬ 
viously satisfies an extended equivalence principle dealing with work in a 
general sense, is defined as the heat communication of the system on re¬ 
versible reproduction of the irreversible proceas considered. It is related 
to the entropy formed simultaneously through the general equation: 

BQ = ns (5) 

The theory is thus in conformity with the classical assertion that entropy 
increases in all irreversible processes in an adiabatically isolated system. 

As the summary of the above considerations it may thus be maintained 
that all natural processes are characterized by the fact that either the loss 

^ As emphasized by Callendar (4) and also in the first of the papers mentioned 
in reference 3, Carnot's conception of the “motive power of heat” (5) is in agree¬ 
ment with this expression if the term “oalorique” with which he operates is identified 
with entropy. The expression is also to a certain extent in conformity with Zeuncr’s 
(7) conception of the function of the heat engine. 
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of work is zero (equation 3), in which case the process is reversible, or else 
the loss of work is positive and equal to the evolution of heat (equation 4), 
in which case the process is irreversible. Processes in which loss of work 
and evolution of heat are negative are not possible according to this theory. 

It is the object of the present paper to show how the various equilibrium 
equations in thermodynamics and physical chemistry can be derived on 
the basis given here. Since every transformation occurring through a state 
of equilibrium is a reversible process, it is the work principle upon which 
these calculations should be based. This method is not only theoretically 
unassailable, but, on account of the perspicuity of the work principle, also 
possesses a considerable didactic significance. 

For the application of the work principle in a given case it is necessary 
that the reversible character of the change in question should be ascer¬ 
tained, We shall begin our exposition by proving the reversibility of cer¬ 
tain groups of processes of particular significance for our purpose. 

II. THE WORK THEOREM FOR INFINITESIMALLY DIVERGING SYSTEMS 

In this and the following sections we shall suppose the systems in ques¬ 
tion to be constituted exclusively by the independently variable quantities, 
entropy, volume, and chemical components. 

We shall consider two systems, I and II, homogeneous with respect to 
quantity and potential and so constituted that a certain fraction of I 


contains the quantities: 

Sj V, ni, nt . ( 6 ) 

and a certain fraction of II the quantities: 

S + dS, F + dF, ni + dm , W2 + dng, .... (7) 


The quantities indicated, which define the systems completely, are meas¬ 
ured in reservoirs each communicating only a single quantity. 

The potentials, corresponding to the quantities given by expressions 
6 and 7, are 

T,p,ni,fH . ( 8 ) 

and * 

T + dr, p + dp. Ml + dMi, M2 + dM2, • • (9) 

respectively. The two systems are supposed completely miscible. 

We now consider a process completely cut off from the surroundings and 
consisting in the transference from I to 11 of the fraction of I given by 
expression 6. The transference is supposed to be differential, which means 
that the amount transferred is so small in comparison to the total amount 
of the two systems that the changes in potential resulting from the trans¬ 
ference are negligible compared to the potential differences already existing. 
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It is easy to see, then, that such a transference is a reversible process. As a 
matter of fact, on account of the complete miscibility which, as mentioned 
before, is presupposed, the amount presented by expression 6 after being 
isolated from I and then brought into contact with II will dissolve spon¬ 
taneously in this system, while reversely the amount presented by expres¬ 
sion 7 after being isolated from II and brought into contact with I will 
spontaneously dissolve in this phase. Since these two spontaneous proc¬ 
esses are opposite with respect to direction and only infinitesimally dif¬ 
ferent from each other, they deviate only infinitesimally from truly 
reversible processes. 

This important result now permits the application of the work principle 
to the process of transfer defined above. According to the work principle 
the total work lost in the process is zero. For each kind of work the loss 
is obtained by raultiplymg the quantity appearing in expression 6 by the 
corresponding difference in potential appearing from expressions 8 and 9. 
Thus the equation 

BA = — S dT + F dp — fii dpi — n2 dix^ —.=0 (10) 


is obtained as an expression of the work theorem for infinitesimally diverging 
systems. 

The total loss of work being zero means in the present case that it is 
small compared to the individual work terms entering in the equation, or 
at any rate to some of them. The contents of equation 10 may therefore 
be expressed in a quite unambiguous way by: 




«1 


( 11 ) 


where the denominator indicates the sum of the numerical values of all 
work terms involved. 

Actually this equation can be taken as a characterization of the reversible 
process. Since the natural processes are never completely reversible, but 
are always accompanied by a certain net loss of work, the question of the 
definition of reversibility must be that of the definition of the deviation 
from reversibility, i.e., of the irreversibility. It would be possible to in¬ 
troduce the absolute loss of work as a measure of the irreversibility, but 
it would no doubt be more rational to use the loss of work in proportion 
to the total work involved. It is this conception which is the basis of the 
reversibility principle established above and mathematically formulated 
in equation 11. 

It should be carefully noted that the tlieorem concerning the zero value 
of the transference work applies only to fractional amounts having the 
composition of the systems with respect to all quantities. In special cases 
one obtains simplified expressions. If, for instance, the temperature and 
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pressure difFerences between systems I and II are zero, equation 10 is 
reduced to the following form: 

8A = —111 ~ w* d^ ~ • ■ • • =0 (12) 

an expression the validity of which for two components has been demon¬ 
strated by the author in an earlier publication (2; cf. 1). From the ex¬ 
pression given there for the differential transport of a mixture of mole 
fraction a from its own solution to a mixture of mole fraction x, one ob¬ 
tains in the case of ideal miscibility conditions the expression: 

^ - jfT ® ® 

d* " a:{l - z) 

which shows that when o — a: is small, A changes proportionally to the 
square of the difference in concentration. This expresses the validity of 
equation 12 in the special case under consideration. 

It will be of interest finally to compare the work theorem for infinites¬ 
imally diverging systems with the fundamental Gibbs equation for the 
potential variations of a homogeneous system (6). Like equation 10 the 
Gibbs equation expresses that the sum 2Ki dPj is zero. But the treat¬ 
ment of Gibbs does not interpret this sum as representing the transference 
work considered here or any other work whatsoever. In Gibbs’ treatment 
the equation expresses the correlation between the potential changes 
generated in the system through the addition of arbitrary infinitesimal 
amounts of quantity or through intrinsic irreversible changes. It is pos¬ 
sible, of course, as an alternative procedure, to base our considerations upon 
the Gibbs equation and establish its character as a work expression under 
the assumption of reversibility. Through this method, however, one will 
to a certain extent conceal the fundamental idea on which our exposition 
is based, and which it is the special purpose of this paper to emphasize 
and elucidate. 


HI. the: hetebooenbous equilibbium 

The work theorem, which in the previous section has been shown to hold 
for infimtesimally diverging systems, forms the immediate basis for the 
derivation of all formulas in physical chemistry for heterogeneous and 
homogeneous equilibria. 

We shall first consider the simple twp-phase equilibrium in a one- 
component system. We imagine the two phases in equilibrium with each 
other in a system I, where the potentials are T, p, and p, and in another 
system II, where the potentials are T + dT, p -|- dp, and /t + (h*. The 
quantities in a certain section of phase A in system I are 

Sa,Va, »a 


(18) 
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and in a certain section of phase B in the same system 


5b , Fb , ^b 

(14) 

In system II the corresponding quantities are 


5a + d5A , Fa + dFA, Wa + dnA 

(15) 

and 


5b + d5B , Fb + dV^ , nB + driB 

(16) 

respectively. 



We now pass a fraction of system I A, given by expression 13, differen¬ 
tially from I A to II A, and a fraction of II B, given by expression 16, 
differentially from II B to I B. Since systems I and II are differing only 
infinitesimally from each other, the loss of work involved in each of these 
processes will be zero according to the work theorem. Disregarding 
members which are small of second order we can thus write for the total 
loss of work associated with the transport: 

--(5a - 5b) dr + (Fa - Fb) dp - (riA ~ n^) d/i = 0 (17) 

This is the general expression, valid for the two-phase equilibrium, i.e., 
for the changes in potential caused by arbitrary changes of the state of 
equilibrium. The usual expression, which contains only the potentials 
T and p, is obtained by putting wa = wb = 1. Equation 17 is then 
reduced to: 

-(5a ~ 5b) dr + (Fa - Fb) dp = 0 (18) 

the quantities involved now referring to unit amount of substance. Equa¬ 
tion 18 may also be written: 



index “Eq'^ referring to the equilibrium condition. 

Equation 18 is identical with the vapor pressure formula of Clapeyron 
and the William Thomson equation for the dependence of the melting 
point on pressure. It is brought into formal agreement with these equa¬ 
tions by introducing r(5A — 5 b) = i.e., the heat of evaporation or 

fusion. 

In a quite similar manner one derives from equation 17 * 

(5a - 5b) dr + (nA - ne) d^ = 0 (20) 

where the quantities are those contained in the unit of volume, and 

(nx - ns) dM - (Fa - Fb) dp = 0 (21) 

where the quantities are those associated with unit amoiint of entropy. 
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The general two-phaee equilibrium expression for systems contmning 
two chemical components is deduced analogously to equation 17. The 
amounts Sa , Va , »ia > W 2 A are transferred from system I to system II, 
and the amounts Sr, Fb , nm , are transferred in the o^^Ktsite direc¬ 
tion, the net process being a transport of: /Sa — Sb » ~ > Wia — «ib > 

njA — Wan from I to II. On the basis of the work principle for infinites¬ 
imally diverging systems we put the transference work equal to zero. 
Hence, 

(<Sb - -Sa) dT - (Fb - Fa) dp 

+ («1B — »1a) dpi •+• («2B ~ M2 a) d/<s = 0 (22) 

an equation which is symmetrical with respect to all quantities and po¬ 
tentials involved. In the special case of tijb = waA = 1 the quantities 
involved will be those associated with unit amount of the second chemical 
component. The last term in equation 22 then disappears. Further 
simplification into the equilibrium expressions usually employed in physi¬ 
cal chemistry, containing only two variable potentials, is obtained by 
putting one of the remaining potential differences equal to zero. 

Thus, if one wishes to determine the equilibrium at constant tempera¬ 
ture, one puts dr = 0, obtaining 

“(Fb - Fa) dp + (»iB - «u) dpi = 0 (23) 

or 



while for constant pressure 

(Sb — Sji) dT + (ttiB — Mia) dpi = 0 (25) 



From the general equations 22 to 26, thus deduced on the basis of the 
work principle, all the equations and qualitative laws concerning physico¬ 
chemical equilibria are derivable by simple transformations with or vrith- 
out introduction of special equations of state for vapors and solutions. 
For example, the laws on the osmotic pressure, on vapor pressure lowering 
and freezing point depression, the influence of temperature and pressure 
on the solubility of solid substances, Konowalow’s rule of the composition 
liquids and saturated vapors, the laws of eleotromoUve force, etc. 
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The law on the freezing point depression, for instance, is obtained by 
introducing in equation 26 the following equations: 


UlQ = 0 

niA = til 



Sji ^ 82 + tiiSi 

T(Sb - 82) = g 

and the gas law expression 

\dni/T,p ni 

where 81 and 82 are the differential entropy in the liquid mixture for 1 g. 
of the first and second chemical component, respectively, and g the melting 
heat appearing in the freezing point equation: 

dr = 

i.e., the differential heat of dissolution for 1 g. of the second component in 
the solid state at the existing equilibrium. 

IV. THE HOMOGENEOUS EQUILIBRIUM 

The law of ‘‘chemical mass action^' in its usual formulation deals with 
concepts and unities which are of molecular-theoretical origin. Moreover 
it is valid only for systems of particular simplicity. The main law for 
homogeneous equilibria is therefore essentially different in character from 
the purely energetic laws with which we have been concerned in the previ¬ 
ous sections. 

As a basis of the traditional mass action expression, valid at constant 
temperature and pressure, there exists, however, an expression of a purely 
energetic character, which may be termed the “energetic mass action law.” 
In order to derive this general law we shall consider a reversible basic 
process, consisting in the transport of quantity between two homogeneous 
systems I and II. While in the case of the processes considered in the 
previous sections the fraction transported had the same composition as the 
system from which it was taken, we are here dealing with the transport 
of an assemblage of quantities, the composition of which differs from that 
of the communicating systems, and which in general, therefore, can only be 
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conducted reversibly if coupled to another working system, for instance, 
a work reservoir. 

It is essential to note that this transport at the same time as being de¬ 
fined by the initial and final states of the quantities transported generally 
may be effected in a number of different ways, owing to the fact that the 
chemical systems between which the transport takes place are themselves 
describable in terms of a number of freely selected components. 

Let us suppose that a homogeneous system, in addition to entropy, 
volume, and some material substances which need not be specified, is con¬ 
stituted by a chemical system A, containing the components Ai, A* • • • • 
in the amounts * * * * » a<ud let us further suppose that the same 

homogeneous system may just as well be made up of the quantities men¬ 
tioned above, if a B system, containing the components Bj, B 2 • • • • in 

the amounts -be substituted for the A system. Between the 

two systems A and B the stoichiometric relation 

i/AjAi + VA2A2 4- 4=^ J'biBi + i'bjB2 + • • • (27) 

must then hold true, where no condition is imposed upon the figures v 
beyond that implied by this stoichiometric relation. It should be noticed 
in particular that the components chosen need not be ^‘chemical 
individuals. 

If systems I and II are characterized by such an alternative possibility 
of constitution, the transference of system A from I to II will be chemically 
equivalent to the corresponding transference of system B. If entropy 
and volume do not participate in the transport, the total loss of work will 
only be of chemical nature and consequently, if the two systems differ only 
infinitesimally from each other, the potential in I, being d^ higher than the 
potential in II, will be expressible as: 


5-4 A = ~VA, d^Ai 

““ J'A* dMAs • • 

•• = -SFAidMAi 

( 28 ) 

Mb = -I'BidMBi 

- VB, dMBj - • • 

■ • = — Sl^Bi d/iBj 

( 29 ) 


for the transport of system A and system B, respectively. 

Now according to the work principle the loss of work associated with 
reversible processes depends only upon the initial and final states of the 
system involved. Hence: 

d/iAi + dMBt 0 (30) 

By integration or by direct application of the work principle to systems 
with final potential differences, one obtains 

-2vA|MAi + « I 


(31) 
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I being a constant the value of which depends on the zero states chosen 
for the chemical potentials. By adequate choice of these the constant 
will be zero, and we may write: 


“"2JvaiMai + 2vbiMbi == 0 (32) 

Putting 

Sj'AiMAi = MA (33) 

and 

SJ'BiMBi = MB (34) 

the last equation simplifies into 

*~ma + mb = 0 (35) 

Equations 30, 31, 32, and 35 are equivalent expressions for the energetic 
mass action law. It should be emphasized in particular that this law, as 
appears from the deduction, is not confined to changes at constant tempera¬ 
ture and pressure, but is of a quite general character. 

In order to derive the usual mass action law from equations 30 to 35 one 
should first introduce molecular unities, thus changing the figures v into 
integers and scheme 27 into the ordinary chemical reaction scheme. 
Further—as a condition for the validity of the usual mass action law—the 
gas laws must be introduced, for instance in the form 

MAi = MAi(o) + ^Ai (36) 

where mai ^Ai are corresponding values for the molar chemical potential 
and mole fraction of component Ai in a system maintained at constant 
temperature T and constant pressure. As appears from equation 36, the 
magnitude mako formally equals the potential of Ai for x^i = 1 at the 
same temperature and pressure. The equation indicates how the potential 
of a molecular component depends upon its concentration under ideal 
conditions at constant temperature and pressure. 

By summation over all the components involved equation 36, on applica¬ 
tion of equations 33 and 34, gives 

mao mbo (ma Mb) = (37) 

where 




4 ? ‘ - ■ 

4V • • • 


(38) 


Introducing the energetic equilibrium condition 35 in this expression we 
finally obtain 


MAa ““ MBo * In (iCjr)Eq 


(39) 
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{Km)sii being the value of X, in the state of equilibrium. As appears from 
equation 39, (iT*)®,, is constant under the pven temperature and pressure 
conditions, which is an expression for the traditional mass action law. 

By this law evidently a structure definition is implied for the homogene¬ 
ous mixture which has not been required in the case of the energetic ex¬ 
pressions established previously. The chemical “composition” as given 
by the figures v in these expressions was defined from a purely energetic 
standpoint as the amounts of given components necessary for making up 
the system in question, and this definition was implicitly supposed not to 
lead to any kind of ambiguity. The possibility of the same system being 
constructed from different components A and B led to the energetic mass 
action law. The traditional mass action law, on the other band, is based 
upon the possibility of a logical discrimination between these component 
systems within the mixture itself, and upon a detailed structure determina¬ 
tion based upon this possibility. 

In such a case the two reciprocal systems A and B cannot under all 
conditions yield identical mixtures. Starting from either A or B there 
may be formed mixtures which alter their properties by time, indicating 
chemical instability. At an arbitrary stage of this transformation definite 
amounts of components from both systems will be required for the con¬ 
struction of the mixture, the intrinsic composition of which is defined 
exactly through these amounts. Supposing such a homogeneous change 
of state to take place, a new energetic variable, which is the degree of 
reaction, will come into the calculation. 

It is only when considering this intrinsic composition of the homogeneous 
system that the influence of temperature and pressure makes itself noticed. 
The energetic mass action law as represented by equations 30 to 35 ob¬ 
viously does not reflect such influence. 

The effect of temperature upon the equilibrium constant may be ob¬ 
tained by differentiation of equation 39 with respect to temperature. 
This gives the well-known equation 

ff.. - ff.. - (40) 

H being the heat function, while differentiation with respect to pressure 
gives 

Va. - Fb. « (41) 

\ 5p /Eq.r 

The lack of symmetry displayed by these expressions is due to the un- 
symmetrical manner in which T and p enter in the gas law equation 
(equation 36). 

Equations equivalent with these, but containing entropy and volume of 
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the reactants in the equilibrium mixture itself, are obtained by introducing 
the new variable, the degree of reaction. We shall write for ma and MB » 
given by equations 33 and 34, 

and 

+ CfX.'’”+(t‘X.*“ 

whence 

—d/iA + — jSb) dT 

( 44 ) 

or by introduction of equation 36 

-dMA + dMB = (Sa - Sb) dT - (Fa - Fb) dp + da (45) 

\ oa /r,p 

Now supposing the system to be in a state of equilibrium, i.e., 
—dMA + d^B = 0> the influence of temperature on this state is calculated 
from equation 45 by introducing dp = 0, and 

(rifi) “C-72^*) +(-«—) fe) 

\ 0l /Eq.p \ 0l /p,a \ 5a /t,p\o1 /fiq.p 
where the first term on the right-hand side is zero. One then obtains 

- (Sa - 5b) = RT ^ (47) 

In a similar manner one obtains at constant temperature 

Fa - Fb = (48) 

\ op /Eq.r 

That equation 47 is identical with equation 40 follows from the gas law 
expression (expression 36), since this by differentiation with respect to 
temperature gives 

— 5ai = —5x1(0) + In ^ki (49) 

That equation 48 is identical with equation 41 is seen in a similar man¬ 
ner, equation 36 on differentiation with respect to pressure giving 


Vk. - Fa„., 


(50) 
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As seeu by compariog equations 43 and 44, the quantities and Fm 
are defined by the relations 

-(wL ~'«> 

and 



thus being the s 3 rmbol 8 for entropy and volume in mixtures at constant 
a. On the other hand and FA,.Eq given by 

-Ct'L - 

and 

\ Sp /Ba,r 

represent the differential quantities at equilibrium. 

V. SUMMARY 

1. The assumption of traditional thermodynamics that heat can be 
produced or consumed in reversible processes is caused by an incomplete 
analysis of the basic phenomena associated with such processes. 

2. The fundamental law for all reversible processes is the work principle 
S8A = 0, indicating that the total work expended or lost in a reversible 
process is zero. 

3. Since the reversible process is a change through states of equilibrium, 
the work principle, valid for such processes, can be made the basis for the 
deduction of all expressions of physicochemical equilibria. 

4. The differential transport of a fraction of a homogeneous system from 
a certain state into another deviating infinitesimally from the first is a re¬ 
versible process. The work associated with it is therefore zero. This is 
called the work theorem for infinitedrnally diverging systems. 

5. On the basis thus given a detailed deduction of some important 
equilibrium equations in physical chemistry has been presented. 
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Having had an opportunity of reading the preceding paper by Professor 
Brpnsted on *The Derivation of the Equilibrium Conditions in Physical 
Chemistry on the Basis of the Work Principle'", I feel that some reply 
should be made to his adverse criticisms of the concepts and methods of 
^^traditional" thermodynamics. Professor Brpnsted asserts that the 
concepts of traditional thermodynamics are characterized by a lack of 
clarity, that they result in incompleteness and awkwardness of treatment, 
and that they unavoidably lead to contradiction. In my opinion, such 
conclusions can result only from a complete misunderstanding of the con¬ 
cepts employed in traditional thermodynamics. 

As might be expected, difficulty arises in connection with the concepts 
of heat and work. It is an unfortunate fact that most chemists and 
physicists, in thermodynamic discussions, often make use of expressions, 
borrowed perhaps from other fields of science, which are inaccurate or 
misleading if they are regarded as thermodynamic statements. The 
familiar remark that work done against frictional forces is converted into 
heat is an example of a misleading phrase. In classical thermodynamics, 
no attempt is made, nor is it considered useful, to subdivide the energy of 
a body into various forms such as the kinetic energy of translation and of 
rotation of the molecules and the kinetic and potential energies of atomic 
vibrations, although this procedure is highly desirable when studying the 
body from the standpoint of kinetic theory and statistical mechanics. 

When two systems A and B are in contact, there may be a transfer of 
energy from one system to the other in one or more ways. For example, 
matter (containing energy) may pass from A to B or energy unaccompanied 
by matter may flow from A to B. In the latter case we speak of a transfer 
of heat or of work or of both, depending on the nature and the observed 
behavior of the two systems. If the transfer of energy from A to B is due 
solely to the fact that the temperature of A is higher (even infinitesimally 
higher) than that of B, then we say that energy in the form of heat has 
passed from A to B. Strictly speaking, it is only in the moment of its 
passing from A to B that the energy being transferred is called heat. We 
do not say that the energy was heat while it was in the system A nor that 
it is heat after it is added to the energy originally in B. 

Similarly, if a set of wei^ts on a piston brings about a compression of 
a gas, we say that the weights and the piston have done mechanical work 
on the gas or that energy has been transferred from the weights and piston 
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to the gas in tiie form of work. We ediould not, however, say that tiie 
amount of work in the gas has been increased and that the amount of 
work possessed by the wei^ts and the piston has been diminished, unless 
we are prepared to give the term “work” some new meaning. In the 
same way, it is not allowed to speak of the quantity of heat in a system, 
unless some additional, properly defined significance is given to the term 
“heat”. 

Professor Br0nsted states that “traditional thermodynamics does not 
seem to recognize the fundamental difference between the problems of 
defining, on the one hand, amounts of heat communicated, i.e., added to 
or removed from a system through thermal conduction or radiation, and, 
on the other hand, heat produced or consumed within the boundary of the 
system itself.” In view of the sense in which traditional thermodynamics 
uses the term “heat”, the criticism of Professor Br0nsted seems pointless. 
In traditional thermodynamics, changes in the properties of a system seem 
to be adequately described in terms of such well-defined properties as the 
energy, entropy, free energy, etc. of the system. 

Professor Br0nsted also remarks that “when an ideal gas expands 
irreversibly (into a vacuum?), the classical theory postulates the evolution 
of heat to be zero, because of the rise in temperature being zero. This 
interpretation cannot be maintained either, since the irreversible expan¬ 
sion ... is accompanied by a loss of work and therefore, if the energy 
principle is to be fulfilled, must evolve heat.” To this we must reply 
that the classical “theory” does not postulate the evolution of heat to be 
zero because the temperature change is zero but because no heat is ob¬ 
served to flow from the system to the surroundings. Moreover, if the 
system loses work, as Professor Br0nsted asserts, then he is certainly not 
using the term “work” in the traditional sense. In the familiar statement 
of the energy principle, dU — Q — W, the heat and work terms must be 
defined in the traditional manner. 

To illustrate Professor Br0nsted’s misunderstanding of the language of 
traditional thermodynamics, we may discuss his description of the com¬ 
pression of gas. “If by means of a weight falling through a certain dis¬ 
tance an ideal gas of pressure p is compressed from the volume a to » — 
d», it is claimed by classical thermodjmamics that, owing to the rise in 
temperature, an evolution of heat takes place, which in the case considered 
has the value pda. This well-known interpretation of the compression 
process, however, entirely overlooks the fact that on compression the 
gaseous system, i.e., the gas + the surrounding vacuum, has received an 
amount of work pda, exactly equal to the loss of work accompanying 
the transport of the weight. Accordingly, if the energy principle has to 
be majntmned, no room will be left for the additional production of energy 
each as fbe pretended evolution of heat would imply.” The process de- 
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scribed by Professor Brpnsted is evidently supposed to be carried out 
adiabatically, so that it is simply not true that classical thermodynamics 
would claim that an evolution of heat had taken place. On the contrary, 
it would maintain that the evolution of heat was zero. It would describe 
the process by sasdng that a certain amount of energy was transferred 
from the weight to the gaseous system in the form of mechanical work, 
with the result that, at the conclusion of the process, the energy of the 
weight was decreased by the amount of pdt; and the energy of the gas was 
increased by an equal amount. That the temperature of the gas rose 
during the process is merely a consequence of the relation between the 
energy and temperature of an ideal gas. If the compression of the gas 
had been carried out isothermally, then traditional and even modem 
thermodynamics would observe an evolution of heat, i.e., a flow of energy 
in the form of heat from the gas to the surroundings. 

1 submit that the meanings I have assigned to the terms ^'heat” and 
^Vork'' are those employed by such masters of classical or traditional 
thermodynamics as Gibbs and Planck, and I deny that these terms as 
defined by them are characterized by lack of clarity or that they lead to 
inconsistencies or contradictions. Lack of clarity and contradictions 
appear only when Professor Brpnsted, while ostensibly describing a process 
in classical or traditional language, uses the terms ^‘heat^^ and ‘‘work^' 
with meanings not recognized by classical thermodynamicists. 

It is of course Professor Brpnsted^s privilege to assign to the terms he 
uses whatever meanings he considers to be most useful or advisable. It 
must be left to his readers to decide for themselves whether or not his 
proposed ^Vork principle'* and his derivation of a number of important 
physicochemical relations represent a thermodynamic method which is 
superior in any way to what I suppose he would call the traditional or 
classical method. 
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In a recent paper, we described some of the polarizability properties 
exhibited by the system gelatin-water (2). These properties are essen¬ 
tially the same for the sol and the gel state and may be summarized as 
follows: Over the whole range of frequencies of 0.5 to nearly 10* kilocycles, 
for which measurements have been made, the dielectric constant increases 
as the frequency decreases, reaching values many times higher than that 
of water, at low frequencies, in systems of moderately high gelatin con¬ 
tents. The change in dielectric constant is associated with energy ab¬ 
sorption. The variation of the dielectric constant and conductance in¬ 
crements with frequency can be represented rather closely by a power of 
the frequency law. 

Orientation polarization of the gelatin appears to be of negligible im¬ 
portance for the polarizability of the gelatin-water system. The essential 
polarizability mechanism, which is present generally in dispersed systems 
(1), is believed to be concerted orientation of the polymolecular layer 
of loosely bound water molecules at the internal surfaces, an effect probably 
of the same nature as that underlying the polarizability rise observed 
in many dipolar solids near their melting points. Anomalous dispersion 
of a similar character may be found in adsorption films of other ^polar 
substances. 

Our earlier work on gelatin dealt with systems of fairly high water con¬ 
tents. For our understanding of the underlying polarization process, 
observations on systems of lower water contents are desirable and such 
observations are reported in this paper. 

EXPERIMENTAL PROCEDURE 

The gelatin was the purified product of the Eastman Kodak Company. 
This gelatin contains about 13 per cent water. The gelatin content was 
determined as the weight obtained after heating at 90®C. for 2 days. 

The change in internal structure, produced by a temporary exposure of 
the system gelatin-water to a higher temperature, affects (increases, if the 
heat treatment is not too intense) the polarizability of the system. The 
effect of the heating is irreversible, at least in a practical sense, when the 
temperature used is over 70®C. (approximately). It is important to lecof- 
nize Hiis in the present work, since we are unable to prepare hn mngp ti^ a 
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gelatin gels of low water contents except by the use of liigher tem[)eratures, 
and therefore the dielectric properties of the^ systems depend on the 
method of preparation used. Examples of this will be given below. We 
have made no systematic study of the effect of heating on the dielectric 
properties of gelatin, but we shall in the following limit ourselves to show 
observations on systems prepared under certain specified conditions. 

In order to prepare a gel for measurement, finely cut gelatin was placed 
in the electrolytic cell, and the appropriate amount of water was added, 
whereafter the cell was sealed off and exposed to a suitable high tempera¬ 
ture until perfect homogeneity was obtained. The gels were tested for 
homogeneity by determining the dry weight of different small portions 
of each. 

The electrolytic cells were similar to those described earlier (1, 3). 
It is advantageous to use cells of different design, according to the gelatin 
concentration and range of frequencies studied. At low frequencies and 
at low gelatin concentration the electrode separation should be compara¬ 
tively high to reduce the influence of electrode polarization. At high 
frequencies and at high gelatin concentration, cells with small electrode 
separation are required to avoid errors resulting from stray capacity. 

All measurements were carried out at 21.0®C. 

EXPERIMENTAL RESULTS 

Figures lA and IB record results obtained on aged systems of differ¬ 
ent concentrations. The gelatin concentration is given as grams of gelatin 
per 100 grams of the system. The dielectric constant € and conductivity 
increment are represented as functions of frequency, in a double logar¬ 
ithmic graph; the value is the difference between the conductivity #c 
at the frequency co under consideration and at very low frequencies. The 
values € and k are defined by representing the complex impedance Z of 
a 1-cm. cube of the gelatin as 



The points representing lie closely on a straight line for each particular 
system. The points representing e lie on a straight line for the systems of 
lower concentration, while a straight-line n^presentation is obtained for 
all the systems tested, if, instead of using e, we represent the inqrement in 
dielectric constant 

Ac == c(a)) — €(2 w) 

Thus, within the range of frequencies tested, the dielectric observations 
can be represented by the relations: 

Ac 
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The same type of relation was found for the systems of lower gelatin 
concentrations studied earlier (2). 



Fiq. 1A. The dielectric constant c (o) and conductance increment «^ (□) as func* 
tions of frequency for aged gelatin systems of different concentrations. 
«(<!>)-« (0))]. (la) 47 g. gelatin per 100 grams; gelatin and water heated at 06^C. 
far 46 min. (Ih) 47 g. gelatin per 100 grams; dried‘ gelatin and water heated at 96®C. 
for S9 hr. (2) 69 g. gelatin per 100 grains; gelatin and water heated at 95*^0. for 18 hr. 
(8} 75.9 g. gelatin per 100 grams; gelatin and water heated at 95^0. for 46 hr. 


^ Original gelatin heated at 100*’C. for 48 hr. 
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The values of X and Y show no apparent dependence on gelatin concen¬ 
tration. However, a small degree of dependence would be difficult to 
detect because of the lack of complete reproducibility of the results ob- 



Fio. IB. The dielectric constant f (o) and conductance increment (□) as func¬ 
tions of frequency for aged gelatin systems of different concentrations, [ic^ * jc 
(<^) — « (0)]. (la) 79.3 g. gelatin per 100 grams; gelatin and water heated at 95*’C. 
for 14 hr. (lb) 79.3 g. gelatin per 100 grams; gelatin and water heated at 95^0. for 
127 hr. (2) 85 g. gelatin per 100 grams; dried gelatin and water heated at 95''C. for 
72 hr, (3) 86 g. gelatin per 100 grains; original gelatin sheet. (4) 100 g. gelatin 
per 100 grams; dried by heating at 100®C. for 48 hr. 
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tained for gels prepared at different times. This is shown in figures lA 
and IB by small irregular di:^erences in the slope of the curves for the 
different systems represented. This lack of reproducibility seems to re¬ 
sult, in part at least, from differences between different samples of the 
original gelatin. 

The values of X for the systems shown in figures lA and IB lie around 
X — 0.20, while the values of Y lie around Y = 0.80. The values of X 
are lower and the values of Y higher than the values obtained for the 
gelatin used in our earlier work. 

The dielectric constant of dried gelatin is nearly independent of fre¬ 
quency. The value at 512 kilocycles is « = 2.68, corresponding to a re¬ 
fractive index of 1.63. This value agrees quite closely with the refractive 
index observed in the optical region. 

Figures lA and IB show a few examples of the way in which the di¬ 
electric properties of the gelatin systems depend on the heat treatments to 
which they have been exposed. In figure lA the lower dielectric constant 
curve for 47 per cent gelatin is for a system prepared by heating the original 
gelatin with water at 95°C. for 45 min. The upper curve is for a system 
prepared by heating dried gelatin with water at 95®C. for 89 hr. This sys¬ 
tem remained fluid for more than 2 weeks and was measured in this state. 
The slope of the curves is the same for the two systems, within the limits of 
reproducibility, but the dielectric constant values of the more highly 
heated system are about 50 per cent higher than those of the less highly 
heated system. Figure IB shows two series of experiments on 79.3 per 
cent gelatin. The upper curve is for a system prepared by heating at 
95®C. for 41 hr.; the lower curve is for the same system after it had been 
exposed to this same temperature for an additional 86 hr. The effect 
of this prolonged heating is a decrease in the polarizability of the system. 

The effect of heating on the dielectric properties of gelatin is particularly 
well brought out by the measurements on the original gelatin sheet, which 
are included in figure IB. At the time these measurements were made, 
the gelatin had taken up a small amount of water in addition to that which 
it contained originally, and the water content was 14 per cent. Although, 
therefore, this sheet has neariy the same composition as the 85 per cent 
gelatin gel, which had undergone the regular prolonged heating, the 
polarizability of the sheet is very much smaller than that of the heated 
system. 

A few words should be said about the dielectric properties e^dubited 
by gelatin systems during the period of internal change following a tem¬ 
porary exposure to high temperature. If we plot instantaneous values of 
Ac and against frequency in the double logarithmic scale of figures 
lA and IB, at different times during the transition period, a series of 
(approximately) straight lines is obtained, which move downward trith 
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time at a steadily decreasing rate. No systematic change in the slope of 
these lines with the aging of the systems could be seen, although small 
irregular changes were found in some cases. 

Transitions involving a change from the sol to the gel state show no 
particular indication of this change in these dielectric graphs. 

Within certain limits, the more intense the heat treatment, the higher the 
initial values of dielectric constant and absorption. The dielectric proper- 





Fig. 2. The dielectric constant of 10 per cent gelatin heated at 78°C. for 17 hr. 
Observations made 2 hr. (o) and 7 hr. (□) after return to room temperature. During 
the first series of observations the system was in the sol state. The second series 
of observations were taken after gelatination had set in. 


ties are reversible if the temperature is kept below 70®C^ (approximately). 
With higher temperatures the heat treatment produces a permanent in¬ 
crease in the dielectric constant and absorption values, as far as can be 
judged from observations extending over a few weeks. 

The correlation between the polarizability and the mechanical proper¬ 
ties of the gelatin systems should be remarked upon. With increasing 
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heat treatment, the gelatin becomes increasingly softer (finally passing 
into the sol state) and the polarizability increases correspondingly. With 
aging, the gelatin becomes harder and the polarizability decreases. The 
irreversible increase in polarizability resulting from intense heat treatment 
is bound up with a permanent increa^ in the degree of softness of the 
gelatin, and with sufficient exposure to high temperature the gelatin 
loses its power to gel and remains indefinitely in the sol state. 



GRAMS GELATIN PER K>0 GRAMS 

Fio. 3. The dielectric constant < at 16 kilocycles, the dielectric constant increment 
Se [Sc < (16 kilocycles) — e (1024 kilocycles}] and conductance, increment k* at 16 
kilocycles [ir* (16 kilocycles) ■> « (16 kilocycles) — k (0)] of the gelatin systems in 
figures lA and IB, represented as functions of gelatin concentration. The curve 
marked V.P. represents the pressure of water vapor over gelatin gels, according to 
measurements by Kats (4). 

As just stated, our measurements so far show no distinctive features in 
the dielectric properties of gelatin sols as compared to the gels. Ob¬ 
servations on sols were shown in our earlier paper (2). This work dealt 
with reversible systems, which were not exposed to temperatures over 
60*C. The work was limited, therefore, to sols of low concentration and 
the measurements could be carried out over a rather narrow range of high 
frequencies only, owing to the error from electrode polarization present at 
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lower frequencies. By heating to higher temperatures, sofe of higher 
concentration can be prepared and it is possible to extend the measurements 
to lower frequencies. The results of dielectric constant observations on 
a 10 per cent gelatin sol are recorded in figure 2. The system was pre¬ 
pared by heating gelatin and water at 78°C. for 17 hr. One series of ob¬ 
servations was carried out 2 hr. after the gelatin was returned to room 
temperature, at which time the system was still in the sol state* No 
observable difference in dielectric properties was found 5 hr. later, at which 
time gelatination had set in. 

In figure 3 dielectric characteristics of some of the systems of figures 1A 
and IB are represented as functions of gelatin concentration. The qualities 
shown are € and at 16 kilocycles and the dispersion in dielectric con¬ 
stant as represented by 5€ = € (16 kilocycles) — 6 (1024 kilocycles). In 
addition to the data for the systems of figures 1A and IB we have included 
in figure 3 the results of measurements on aged gels of lower concentration, 
prepared by dissolving gelatin in water at 50®C. 

Even though the form of the curves of figure 3 depends to a great extent 
on the procedure used in preparing the gels, the curves exhibit certain 
general features which should be remarked upon. The addition of small 
quantities of water to gelatin—up to 10 to 20 per cent water—causes 
hardly any change in the dielectric properties. As more water is added 
the dispersion becomes rapidly more pronounced and reaches its highest 
value at about 45 per cent gelatin, whereafter the polarizability decreases 
with further addition of water. The small dielectric effect of the first 
addition of water to gelatin may be explained by the strong binding of 
this water by the gelatin. For comparison, we have shown in figure 3 
the water vapor pressure over the gels, according to measurements by 
Katz (4). 


DISCUSSION 

We remarked above upon the correlation exhibited between the polariza¬ 
bility of a gelatin system and its mechanical properties, as the system is 
changed internally by a temporary exposure to high temperature. A 
more consistent relation is obtained by comparing the polarizability to 
the intermolecular forces, as represented by the volume of the system. 
Heat treatment results in expansion and increased polarizability. Aging 
results in contraction and decreased polarizability (for systems of low 
gelatin concentration the volume change is generally considered to result 
from a change in the forces between the gelatin and the water, i.e., it is 
supposed to represent the change in hydration). This relation gives also 
an explanation of the effect of acid and base on the polarizability of gelatin. 
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When the pH is changed from the isoelectric point, whether to higher or 
lower values, the gelatin expands and the polarisability increases. 

The existence of a correlation of this type is indicative of orientatiem 
polarization. Because of the zwitter-ion character of the gelatin molecule, 
its moment may be high, and therefore it might appear likely that we are 
dealing with orientation of the gelatin molecule. The dielectric effect 
of adding water to gelatin would result, then, partly because the water 
increases the moment of the gelatin molecule and partly because the water 
loosens the forces between the gelatin molecules, thus facilitating the 
orientation of the gelatin molecules in the field. 

In considering this hypothesis, we should keep in mind that the di¬ 
electric properties of the gelatin sol are essentially the same as those of the 
gel and, as regards the form of the dispersion curve and the high polariz¬ 
ability values reached at lower frequencies, these properties are of a type 
shown by dipolar systems in the solid rather than in the fluid state.* 
Obviously, therefore, the essential underlying dielectric mechanism is the 
same in the sol as in the gel and, if this mechanism is orientation polar¬ 
ization of the gelatin, the state of affairs in the sol must be wholly different 
from that found in simple solutions of dipolar substances, such as amino 
acids, whose dispersion properties can be, in the main, described by De¬ 
bye's theory. Furthermore, since the polarizability of the gel is only 
slightly smaller than that of the sol, we should have to accept that there is 
no great change in the binding forces between the gelatin molecules as we 
pass from the gel to the sol state. 

These considerations raise some doubt that orientation of the gelatin 
molecules can be responsible for the dielectric properties of the gelatin 
systems, and this doubt is increased in view of the fact that dielectric 
properties similar to those found for gelatin are observed when water is 
added to other high-molecular substances, such as cellulose or starch, 
whose molecules are not zwitter ions and can not be expected to be dis¬ 
tinguished by particularly high moments (1). This indicates that the 
high polarizability of the gelatin systems is not conditioned by the possibly 
high moment of the gelatin molecule. 

In our earlier paper (2) we discussed evidence indicating that the dis¬ 
persion in gelatin and other high-molecular systems is a property of the 
water molecules at the internal surfaces. This hypothesis is supported 
by the observation that dispersion of a similar character is found much 

’ The dispersion in solids is often studied by measuring the anomalous charging 
current. Generally this is found to vary with time according to i ^ From this 
it follows, theoretically, that the dielectric constant, as obtained from observation 
in an alternating field, varies inversely as a power of the frequency with an exponent 
equal to 1 — m. 
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more strongly in more coarsely dispersed systems. The systems investi¬ 
gated include a number of different suspensions and colloids, and a suf¬ 
ficiently extensive study has been made to justify us in concluding that 
dispersion of the type found in gelatin is a general property of dispersed 
systems containing water as the dispersion medium (1). By studying 
the dielectric properties of suspensions as functions of particle size and 
volume concentration, it was possible to show that the dispersion is a 
surface effect and to obtain evidence that the region in which the dispersion 
resides lies in the water and is of multimolecular dimension. 

For the case of systems so highly dispersed as gelatin, the depth of the 
highly polarizable region would have to be much smaller than it is for 
suspensions. From the value of the gelatin concentration (45 per cent 
gelatin) at which the polarizability of the gelatin is a maximum it would 
appear that the layer is of the order of five water molecules thick. The 
small dielectric effect produced by adding as much as 10 to 20 per cent 
water to gelatin indicates that the strongly bound water molecules directly 
at the gelatin surface are without importance for the high polarizability 
of this layer, but that the effective water molecules are at some small 
distance from the gelatin. These molecules may differ from those in the 
bulk of the water only by an increased orientation with respect to the gela¬ 
tin surface. 

The simplest explanation of the decrease in polarizability which takes 
place when gelatin ages or when the pH is changed toward the isoelectric 
point is to assume a decrease in internal surface while the highly polarizable 
water layer at the remaining part of the internal surface is not greatly 
changed. This may not be a wholly correct picture. The aggregation 
which takes place in these processes may be caused not by direct forces 
between the gelatin molecules but by a kind of interlocking effect between 
the water layers of the different gelatin molecules. On this conception, 
the decrease in polarizability and associated contraction in volume should 
be connected with the increased rigidity of these interlocking water layers. 
We may hope that a more extensive dielectric study of gelatin will lead to 
a clearer understanding of the exact r61e played by these water layers in 
structural changes of the system. 

SUMMARY 

In continuation of earlier work (2), dielectric constant and electric con¬ 
ductance measurements were carried out on the system gelatin-water in 
the range of high gelatin concentrations (47 to 100 per cent; gelatin) be¬ 
tween 2 and 1024 kilocycles. The dielectric constant of dried gelatin is 
low and nearly independent of frequency (e = 2.68 at 512 kilocycles). 
The addition of water results in increased polarizability and strong anom- 



726 


HUGO FB1CK£ AND BDWA^ PARK£K 


alous dispersion which reaches its maximum vidue at approximately 45 
per cent gelatin. At this concentration < <» ca. 500 at 2 kilocycles. The 
addition of the first 10 to 20 per cent of strongly bound water has little 
effect on the didectric prc^rties of the gelatin. The dispendon in di¬ 
electric constant and in conductance varies with frequency according to a 
power of the frequ«icy law, as found earlier for systems of lower gelatin 
otmcttitration. 

The internal .change produced in the gelatin-water system by a tem¬ 
porary exposure to high temperature results in increased polarizability, 
which is practically reversible only if the temperature used is not over 
70“C. (approximately). Under the conditions studied, no distinctive 
features could be seen in the dielectric properties of the sols as compared 
to tile gels. The change in polarizability resulting from heat treatment or 
from a change in pH runs parallel to the change in internal forces as repre¬ 
sented by the change in volume. Contraction is associated with decreased 
polarizability, expansion with increased polarizability. 

Anomalous dispersion, similar in character to that in gelatin, is found 
generally in dispersed systems containing water as the dispersion medium 
(suspensions, colloids, high-molecular solutions) (1) and appears to be 
a property of the polymolecular layer of loosely bound water at the internal 
surfaces. Dispersion connected with orientation polarization of the 
gelatin is, if present, not sufficiently pronounced to be detected in the 
presence of this greater effect, under the experimental conditions so far 
studied. 
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% 

Owing to its commercial importance, the catalytic hydrolysis of chloro¬ 
benzene has been the subject of several patents. Jenkins and Norris (5) 
described a method of recirculating steam and chlorobenzene over silica 
gel at 650°C. They also found that passage of the vapors over copper 
shavings helped to maintain the catalytic activity of silica gel impregnated 
with metals. Lloyd and Kennedy (6) and Rittler (8) reported the forma¬ 
tion of phenol from steam and chlorobenzene vapor by the use of silica gel 
and aluminiun hydrosilicates. Groggins (4) describes the Raschig process 
for the formation of phenol from chlorobenzene and steam, using silica 
gel as a catalyst. The hydrochloric acid produced is used to chlorinate 
benzene by a regenerative process. He (3) also states that in pilot plant 
operations high yields of phenol have been obtained using silica gel as a 
catalyst. Bertsch (1) used catalysts with strong base-exchange properties 
for the same reaction, while Steingroener and Zellman (9) found that small 
additions of inorganic salts increased the catalytic activity of zinc oxide 
and aluminum oxide for the reaction. They found that the ratio of steam 
to hydrocarbon halide was important, and Lloyd and Kennedy (7) showed 
that an excess of steam increased the yield when catalysts such as silica 
gel, bauxite, and oxides of certain metals were used. Chalkey (2) steam- 
distilled chlorobenzene over silica gel and oxides of titanium, tunpten, 
zirconium, and aluminum. The highest yield of phenol was 68.5 per cent 
of the amount hydrolyzed when silica gel at 500®C, was the catalyst. 
Tishchenko, Gutner, Faerman, and Shchigelshaya (10) found that the 
most favorable temperature for hydrolysis of chlorobenzene was 600- 
600^0., using chlorides of calcium, strontium, barium, magnesium, and 
copper on silica gel. 

In the course of some work on catalysis, it was desired to carry out ex¬ 
periments on hydrolysis in the vapor phase. The data obtained when 
chlorobenzene was used are presented in this paper. 

* Present address: Department of Chemistry, Northeastern University, Boston, 
Massachusetts. 

• Present address: Department of Chemistry, Seton Hall College, Newark, New 
Jersey. 
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NXPSiBIMIiNTAL 

Material 

The catalyst supports were silica gel of 8 to 12 mesh prepared by the 
Davison Chemical Company, activated alumina of 8 to 12 mesh supplied 
by the Aluminum Ore Company, and carborundum No. 8 furnished by 
the Carborundum Company. All chemicals used in the preparation of 
the catalysts were of c.p. grade. The chlorobenzene was usid as obtained 
from the Eastman Kodak Company. 


TABLE 1 

Catalytic hydrolysis of eklorobemene 


CATALYST 

TBliraB- 

ATUBB 

SPACB VBLOaTT 

1 TlBLOOr 
PHBNOL 

CHLOBO* 

BBVSBNB 

BTDBO- 

LTSBD 

TISLD OH 
BASIS OP 
AMOOHT OP 
OBLOBOBBH* 
SBHBBT- 
OBOLTEBD 

Steam 

Chloroo 

bensene 

Ratio 


•c. 




percent 

percent 

percent 

AUOj (alfrax). 

440 

23,380 

269 

86.8 

2.2 

5.6 

38.5 


510 

24,965 

499 

60.0 

1.0 

3.72 

27.0 


576 

26,260 

368 

68.7 

4.1 

16.6 

24.6 

Cu(NOi )2 on SiOf. 

610 

24,965 

598 

41.7 

1.9 

9.6 

20.0 

CujCU on SiOa. 

510 

27,706 

188 

147.3 

10.1 

27.0 

40.0 

SnVOgonSiOa . .. 

440 

24,350 

844 

28.8 

0.8 ' 

2.0 

40.0 


510 I 

27,706 

607 

54.8 

3.1 

6.6 

65.2 


Catalysts 

The oxide catalysts used were zinc oxide, nickel oxide, molybdenum 
trioxidc, and titanium oxide on silica gel, as well as tunpten trioxide on 
alfrax, and magnesium oxide on silicon carbide. The salts tested were tin 
vanadate, cadmium phosphate, copper phosphate, copper nitrate, copper 
sulfate, and cuprous chloride on silica gel. Granular copper, a copper- 
cobalt mixture, silica gel, and alfrax were also tried. 

Method 

Water and chlorobenzene were introduced into a heated silica tube con¬ 
taining the catalyst. The exit gases passed through a water-cooled conr 
denser and then through an absorption bottle containing sttmdard po¬ 
tassium hydroxide. The amount of hydrolysis was determined from the 
hydrochloric acid produced, and the pWol by the iodophenol method. 
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Results 

With the experimental set-up used the space velocities were necessarily 
high. Expressed as liters of gas at the reaction temperature per liter of 
catalyst per hour, the space velocity of chlorobenzene was varied between 
25 and 5000, while the ratio of water to chlorobenzene at the different 
space velocities was varied between 10 and 150. The lowest temperature 
at which any activity was evidenced was 400®C. The highest temperature 
which could be used was 575°C., and at this temperature much carboniza¬ 
tion was evident. The yield was favored by an increase of the water- 
chlorobenzene ratio and by a decrease in the space velocity with the ratio 
constant. 

In the temperature range and space velocity variation given above the 
only catalysts besides silica gel which gave any more than 0.1 per cent of 
phenol were alfrax, copper nitrate on silica gel, cuprous chloride on silica 
gel, and tin vanadate on silica gel. Typical results for these catalysts 
are given in table 1. 

Discussion 

Under the conditions shown in table 1, silica gel gave a maximum yield 
of about 10 per cent phenol and a yield of about 60 to 70 per cent based 
on the amount hydrolyzed. The copper compounds which decompose do 
not give as good activity as cuprous chloride; this was substantiated by 
experiments with copper oxide and copper sulfate on silica gel. The per 
cent of hydrolyzed chlorobenzene which goes to phenol is as important as 
the per cent hydrolyzed. With aluminum oxide as the catalyst the per 
cent of chlorobenzene hydrolyzed increases with temperature, but the 
phenol yield does not increase proportionally. 

Tin vanadate has not been reported before as a catalyst for this reac¬ 
tion. It seems to give a lower side reaction than many other substances 
and might bear further investigation. Data on space velocities are very 
scant in the literature, and from these results it is evident that they must 
be low to obtain a reasonable yield per pass. 

BUMMABY 

Experiments with a number of unreported catalysts for the hydrolysis 
of chlorobenzene have been made, and of these tin vanadate on silica gel 
has been found to be the best. Data on space velocities are presented 
which have not been reported in the literature before, and it is concluded 
that they must be fairly low for reasonable yields. 
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INTEODUCTION 

The boiling points of the paraffin, olefin, and acetylene hydrocarbons 
have recently been collated (3)* and evaluated critically. A correlation 
of the data, as dependent upon molecular structure, becomes important in 
order that its consistency may be checked and that boiling points for those 
compounds where data are lacking may be calculated with the same order 
of accuracy as the experimental data. 

In 1842 Kopp (5) announced that in any homologous series the boiling 
point rises 18® for the addition of each methylene group to the molecule, 
but be soon recognized that the increase in boiling point became less with 
increasing size of the molecule; since then many attempts have been made 
to correlate the data. Each of these efforts need not be individually 
considered here. However, in order to show the diverse forms of boiling 
point equations used, a representative list is given in table 1. 

Each of the equations given in table 1 has certain disadvantages which 
need not be considered in detail. In general, it may be said that the early 
workers frequently expressed the boiling point as a function only of the 
molecular weight, and consequently all isomera would have the smne cal¬ 
culated boiling point. The data of this early period were too limited and 

! Presented before the Division of Physical and Inorganic Chemistry at the 
Ninety-eighth Meeting of the American Chemical Society, held in Boston, Massa¬ 
chusetts, September 11-15, 1939. 

* The boiling point data in this paper are taken from reference 3, 
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unreliable to justify more elaborate formulae to calculate the boiling points 
of organic compounds. 

Bumop (2) and Kinney (4) have calculated the boiling point of a com¬ 
pound in a manner analogous to the calculation of the molecular wei^t 
from the atomic wei^ts,—i.e., they assign certain “boiling point numbers” 
to the different atoms such that the boiling point is a function of this 
additive variable. Unfortunately, the boiling points are not sensitive 
functions of the “boiling point numbers.” 

In the present study of thirty-one aliphatic series, a set of equations 
has been found which reproduce the data to within their experimental 
limits. 


TABLE I 

Boiling point equations 


SQUATZOM* 

AUTHOR 

TRAR 

A • 18®. 

Kopp (6) 

1842 

T - AM^ . 

Walker (8) 

1894 

T AVM + B . 

Boggio-Lera (1) 

1899 

„ ^ 144.86 



7*11+1 T’n * A— . 

7^0.0141 

Young (9) 

1905 

r • 0 log (6n + c) -f 70/2". 

Plummer (6) 

1916 

Quantity M logio T -|- 8.0 VM is additive. 

Burnop (2) 

1938 

T ■■ 230.14-^}^ — 643, where N is additive. 

Kinney (4) ‘ 

1938 


* M ^ molecular weight; n — number of carbon atoms; T « boiling point in ®K.; 
A ■■ difference in boiling point between two successive compounds in an homol¬ 
ogous series; Of A, Bf c, N » empirical constants. 


THE EMPIBICAL EQUATION 

It has been pointed out by Wakeman (7) and others that the curves 
showing the dependence of boiling point upon the number of carbon atoms 
are very nearly parallel for various homologous series. If an equation 
for any one series can be found, then a satisfactory equation for any other 
will differ from this one only by an additive constant. The equation to 
use will be derived from the boiling point data of the normal paraffins, 
since these are the most reliable and include more compounds than any 
other series. 

A plot of the boiling points against the number of carbon atoms of linear, 
logarithmic, and other scales suggests that an equation* of the following 
form will represent the dependence of 2^ on n: 

r = o log (n + b) + *; (1) 

* 7* is the boiling point and n the number of carbon atoms in the molecule, a, b, 
and k are the empirical constants to be evaluated. In this study T is expressed in 
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For convenience, ordinary Briggsian Ic^aritfams will be used. 

Equation 1 may be expressed in several equivalent forms. The OMistant 
k can be incorporated into the logarithmic term, so that 

T ^ a’ log (i>'n + k') (2) 

the old constants being related to the new by the equations 

a = a' (2a) 

b = k'/b' (2b) 

fc = o' log b' (2c) 

The boiling point may also be expressed as a function of the molecular 
weight, rather than as a function of the number of carbon atoms, as shown 
by equation 3. 

r = o" log (M + b") + k” (3) 

M = the molecular weight. For paraffins 

M = nC + (2n + 2)H 

where C and H represent the atomic weights of carbon and hydrogen, 
respectively. 

a = o" 

k = o" log. (C + 2H) + fc" 

. 6" + 2H , „ 

" ~ oTT paraffins 

= b"/{C + 2H) for olefins with one double bond, and 
_2JJ 

~ 7 s~ i oi r nionoacetylenes, etc. 

C + 2x1 

In the present study equation 1 is used in preference to equations 2 and 
3, because the parameters a and b can be kept constant for all of the thirty- 
one homologous series, only k varying from series to series. 

EVALUATION OF THE CONSTANTS 

The constants a, b, and k in equation 1 were evaluated by the method 
of least squares from the boiling points of the normal alkanes from ethane 
to nonadecane inclusive. The resulting equation 4 is 

T = 746.42 log (n + 4.4) - 416.31 (4) 

The agreement between the calculated and observed values is shown in 
table 2. Methane, the first member of the series, is inserted to indicate 


degrees Kelvin. A shift to the Centigrade scale would merely change the constant 
ib by 273.1*. 
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that its calculated boiling point is in marked disagreement with the 
experimental value. 

The remarkably close agreement between the observed and calculated 
boiling points indicates the consistency of the data. The average devia¬ 
tion between the calculated and observed boiling points for the eighteen 
compounds from ethane through nonadecane (C 19 H 40 ) is 0.40°. From 
butane to dodecanc the mean deviation is only 0.05°. This is even smaller 


TABLE 2 
Normal alkanes 

T = 746.42 log (« + 4.4) - 416.31 


XAMB OF COMPOUND 

NUMBEB OF 
CARBON ATOMS 

T 

(OBSXRVBD) 

T 

(calculated) 

AT 

(Methane) 

(1) 

(111.55) 

•A. 

(129.63) 

"X. 

(-18.08) 

Ethane . 

2 

184.6 

184.6 

0.0 

Propane.. ... 

3 

230.9 

231.6 

-0.7 

Butane.... 

4 

272.6 

272.7 

-0.1 

Pentane .. 

5 

309.08 

309.08 

0.0 

Hexane . .. . 

6 

341.88 

341 80 

+0.08 

Heptane. ... 

7 

371.63 

371.52 

+0.01 

Octane 

8 

398.88 

398.75 

1 +0.13 

Nonane . ... 

9 ! 

423.83 

423.85 

-0.02 

Decane ... 

10 

i 

447.1 1 

447.2 

-0.1 

Undecane 

11 

468.9 

468.9 

0.0 

Dodecane . . 

12 

489.3 

489.3 

0.0 

Tridecane. . 

13 

507 

508.4 

-1.4 

Tetradecane. . . 

14 

524 

526.5 

-2.5 

Pentadecane 

15 

543.6 

543.6 

0.0 

Hexadecane ... 

16 

560.6 

559.9 

+0.7 

Heptadecane . . . 

17 

576 

575.4 

+0.6 

Octadecane .. 

18 

590.0 

590.2 

-0.2 

Nonadecane. 

19 

603.1 

604.3 

-1.2 


than the probable error of the data, and may therefore be fortuitous to 
some extent. 

The constants 745.42 and 4.4 for a and 5, respectively, in equation 1 
are used in all the equations covering the other thirty homologous series 
of the aliphatic hydrocarbons, i.e., equation 5 is used where it is a constant 
to be determined for each series. 

T 745.42 log (n + 4.4) + k (5) 

The detailed data of the thirty other homologous series are shown in 
tables 3 to 32, inclusive. In many tables the first entry is given in paren- 
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theses, which signifies that the particular hydrocarbon was not considered 
in the evaluation of k but was inserted to show the limits of validity 
the formula. 


TABLE 8 
t-MethyUMumn 

T - 746.42 log (n + 4.4) - 424.61 


MAMS OF COMPOUND 

KUMBiB or 

CANNON ATOMS 

T 

(obsbntbd) 

T 

(CADCULATBD) 

AT 

(2-Methylpropane). 

(4) 

*Jt. 

(260.9) 

•K. 

(264.6) 

•jt. 

(-3.6) 

2-Methylbutane. 

5 

300.93 

300.88 

+0.5 

2-Methylpentane. 

6 

333.43 

333.59 

--0.16 

2-Methylhexane. 

7 

363.23 

363.32 

-0.09 

2-Methylheptane. 

8 

390.3 

390.4 

-0.1 

2-*Methyloctane. 

9 

416.1 

415.7 

+0.4 

2*Methylnonane. 

10 

439.9 

439.0 

+0.9 

2-Methylheptadecane. 

18 

586 

588.5 

-2.5 


TABLE 4 
S~Methylalkanea 

T - 746.42 log (n + 4.4) - 422.88 


NAMS OF COMPOUND 

NUMBNB OF 
CABBON ATOMS 

T 

(obsbbfbd) 

T 

(cadcudatsd) 

AT 




•JT. 

•jsr. 

3-Methylpentane. 

6 

336.43 

335.23 

+1.20 

3-Methylhexane. 

7 

i 364.9 

364.95 

0.0 

3>Methylheptanc. 

8 

392.18 

392.18 

0.0 

3<-Methyloctane. 

9 

417.3 

417.28 

0.0 

3-Methyl nonane. 

10 

440.9 

440.58 

+0.3 


TABLE 6 
4~Methylalkanea 

T - 746.42 log (n + 4.4) - 424.69 


NAMS or compound 

NUMBSB OF 
CABBON ATOMS 

T 

(obsbbtbd) 

T 

(calculatbd) 

AT 



•JT. 

•JT. 

•JT. 

(4-Methylheptane). 

(8) 

(381.1) 

(390.5) 

(-9.4) 

4-Methyloctane. 

9 

415.59 

415.57 

+0.02 

4-Methylnonane. 

10 

438.8 

488.9 

-0.1 


A sluxunary of all the results given in tables 2 to 32, inclusive, is given 
in table 33. In this table the name of each series is given in column 1, 
the value of constant k in column 2, the average deviation between calcu> 
lated and observed boiling points in column 3, and finally the difference 
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TABLE 6 
^-Ethylalkanes 

T « 745.42 log (n + 4.4) - 423.01 


NAMB or COIIPOUNO 

iruMBBB or 

CARBON ATOMS 

T 

(obsbbtbd) 

T 1 

(calculatbd) 

HT 



•A. 

•A. 1 

•A. 

3-£thyl pentane. 

7 

366.4 

364.8 

41.6 

3-Ethyl hexane. 

8 

392.0 

392.0 

0.0 

3-h3thyl heptane. 

9 

416.2 

417.2 

-1.0 

3-Ethyloctadecane. 

20 

614 

611.2 

43 


TABLE 7 

2 f 2-Dimethylalkane8 
T « 745.42 log (n 4- 4.4) - 435.34 


NAMB or COMPOUND 

NUMBBB or 
carbon atoms 

T 

(obsbrvbd) 

T 

(calculatbd) 




•A. 

"K. 

•A. 

(2,2-Dimethylpropane) 

(5) 

(282.58) 

(290.05) 

(-7.47) 

2,2-l)i methyl butane 

6 

322.83 i 

322 77 

40.06 

2,2-1)1 methyl pentane 

7 

352.43 

352.49 1 

-0.06 

2,2-Dimethylhexane, 

8 

380.1 

379.72 

40.4 


TABLE 8 

2, S^Dimethylalkanes 
T « 745.42 log (n + 4.4) ~ 426.88 


NAME or COMPOUND 

NUMBBB OP 
CARBON ATOMS 

(OBSBRVBd) j 

T 

(calculatbd) 

AT 



•A. 

•A. 

•A. 

2,3-Dimethylbutane. 

6 

331.18 

332.23 

-1.05 

2,3-Dimethyl pen tanc 

7 

362.93 

361.95 

40.98 

2,3-Dimethylhexane . . 

8 

388.93 

389.18 

-0.25 

2,3-Dimethylhcptane. . 

9 

413.7 

1 414.28 

-0.6 


TABLE 9 

2,4^Diinethylalkane8 
r « 745.42 log (n 4 4.4) - 431.31 


NAMB or COMPOUND 

NUMBBB or 
CARBON ATOMS 

T 

(OBBBBVBO) 

T 

(calculatbd) 

AT 



•A. 

•A. 

•A. 

(2,4-Dimethylpentane).I 

(7) 

(353.6) 

(356.5) 

(-2,9) 

2,4*Dimethylhexaiie. 

8 

384 

383.8 

40.2 

2^4-Dimethy]h6ptane. 

9 

408.9 

408.9 

0.0 
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between k for the norma] paraffins and k for each of the other homologous 
series. 


TABLE 10 
M f S-DimethylalkaneB 
T « 745.42 log (n + 4.4) ~ 481.91 


NAMB or COMPOUND 

NUMBBB OP 
CARBON ATOMS 

T 

(obsbbvbd) 

T 

(CALCXnUATBD) 

AT 



•A. 

•A. 

•it. 

2|5-Dimethylhexane. 

8 

382.4 

383.2 

-0.8* 

2,5-Dimethyl heptane. 

9 

408.9 

408.3 

-fO.6 

2,5-Dimethyloctanc .. . 

10 

429 

431.5 

-2 


TABLE 11 
f, d-^Dimeihylalkanes 
T « 745.42 log (n + 4.4) - 431.10 


NAMB OF COMPOUND 

NUMBBB OP 
CARBON ATOMS 

T 

(obsbbvbd) 

T 

(calculatbd) 

AT 




•X. 

•X. 

2,6-Dime thylheptanc. 

9 

407.6 

409.1 

-1.5 

2,6-Dimethyloctane. 

10 

433 

432.4 

+1 


TABLE 12 
S tS^Dimethylalkanes 
T « 745 log (n + 4.4) - 430.10 


NAMB OP compound 

NUMBBB or 
CABBON ATOMS 

T 

(obsbbvbd) 

T 

(calculatbd) 

AT 



•X, 

•X. 

•X, 

3,3-Dimethylpentane. 

7 

359.1 

357.7 

-1-1.4 

3,3-Dimethylhexane. 

8 

384 

384.9 

-1 

3,3-Dimethyl heptane. 

9 

410.6 

410.1 

+0.5 


TABLE 13 

Miscellaneous dimethylalkanes 


NAMB OF COMPOUND 

NUMBBB OP 
CABBON ATOMS 

T 

(obsbbvbd) 

T 

(calculatbd) 

AT 



•X. 

•X. 

•X. 

2,7-Dimethyl octane 

10 

432.79 

432.79 

0.0 

3,6-Dimethyloctane . . 

10 

433 

433.0 

0 

7,8-Dimethyl te tr adecane _ 

16 

541.6 

541.6 

0.0 


The mean deviation between the observed and calculated boiling points 
for the one hundred forty-three hydrocarbons tabulated in the thirty-one 
tables is 0.7^. This is the magnitude of the probable error of the data, 
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and so the correlation of the boiling points with structure presented here 
may be considered to be satisfactory. 

From equation 5, the difference in boiling points between two successive 
members of an homologous series is given by the equation 

= 745.42 log (^t^) 


TABLE 14 
UAthene series 


T - 745.42 log (w + 4.4) - 421.91 


NAMB OF COlfPOUNO 

NUMBER OF 
CARBON ATOMS 

T 

(OBBBRVBI)) 

T 

(calculated) 

HT 



^K, 

•K. 

•K. 

(Ethene), ... 

(2) 

(170.7) 

(179.0) 

(-8.3) 

1-Propene ... 

3 

226.1 

226.0 

1 +0.1 

1-Butene. 

4 

267.0 

267.1 

-0.1 

1-Pentene. 

5 

303.3 

303.4 

-0.1 

1-Hexene. ... 

6 

336.48 

336.20 

1 +0.28 

1-Heptene .... 

7 

366.2 

365.9 

+0.3 

1-Octene. 

8 

393.5 

393.2 

+0.3 

1-Nonene 

9 

418.4 

418.3 

+0.1 

1-Decene.... 

10 

443.5 

441.6 

+1.9 

1-Dodecene. 

12 

1 486 

484.7 

+1 


TABLE 15 
ciS‘$^Alkene series 
T * 745.42 log (n + 4.4) - 416.31 


NAME OF COMPOUND 

NUMBER OP 
CARBON ATOMS 

T 

(observed) 

T 

(calculated) 

AT 



•ic. 

•JT. 

•/c. 

(ctd-2-Butene). 

(4) 

(276.86) 

(272.67) 

(+4.19) 

ct8-2-Pentene. 

5 

309.6 

309.1 

+0.5 

ci8-2-Hexene. .. 

6 

342 

341.8 

+0.2 

ci8-2-Heptene. 

7 

372.1 

371.5 

+0.6 

ci«-2-Octene. . 

8 

398.6 

398.7 

-0.1 

cta-2-Nonene. 

9 

421.6 

423.9 

-2.3 


This difference is dependent only upon n, the number of carbon atoms per 
molecule of the lowest boiling compound, and is independent of the par¬ 
ticular series considered. 

The dependence of the boiling points upon the structure of molecules 
containing a given number of carbon atoms is shown in the right-hand 
column of table 33, where the values of the constant k are given relative 
to k for the normal alkanes. These relative values of k signify the differ- 
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enoe in boiling point between a given compound and the corresponding 
normal paraffin. 


TABLE 16 
irana-t-Alkene terie$ 

T - 746.42 log (n + 4.4) - 416.61 


NAMB OF COMPOUND 

NUMBBB OF 
OABBON ATOMS 

T 

(obbbbvbd) 

T 

(CALCUXiATSd) 





•ic. 

•JC. 

<ran«-2-Pentene. 

5 

308.98 

308.78 

4-0.2 

/ran«-2-Hexene. 

6 

341.2 

341.5 

-0.3 

<ran«*2>Heptene . 1 

7 

371.3 

371.2 

40.1 


TABLE 17 

t-MeihyUl-alkene series 
T - 746.42 log in + 4.4) - 422.81 


NAMB OF COMPOUND 

NUMBBB OF 
CABBON ATOMS 

T 

(obsbbvbd) 

T 

(caloulatbd) 

AT 

2-Methyl-l*propeiie. 

4 

“X. 

266.5 

•X. 

266.2 

•X. 

40.3 

2»Methyl*l-butene. 

5 

304 

302.6 

41 

2-Methyl-l-pentene. 

6 

334.9 

335.3 

-0.4 

2-Methyl-l-hexene. 

7 

364 

365.0 

-1 

2-Methyl-l-heptene. 

8 

392.4 

392.3 

40.1 

2-Methyl-l-octene. 

9 

416 

417.4 

-1 


TABLE 18 

S-Methyl-l-alkene series 
T - 745.42 log in + 4.4) - 431.07 


NAMB OP COMPOUND 

NUMBBB OF 
OABBON ATOMS 

T 

(obsbbvbd) 

T 

(cadculatbd) 

AT 



•X. 

•X. 

•X. 

3-Methyl-l-butene. 

5 

294.3 

294.4 

-0.1 

3-Methyl-l-pentene. 

6 

326.7 


-0.3 

3-Methyl-l-hexene. 

7 

357.0 

356.8 

40.2 

3-Methyl-l-heptene. 

8 

384.1 

383.2 

40.9 

3-Methyl-l-octene. 

9 

409.7 


40.6 


Of the four alkane series listed in table 33 in which there is only one 
branched chain—namely, the 2-methyl-, 3-methyl-, 4-methyl-, and 3- 
ethyl-alkanes—^it may be noted that the boiling point lowering relative 
to the normal alkanes is of the same order of magnitude in each case, 
ranging from 6.57° for the 3-methylalkane to 8.28° for the 4-methyl- 

a.llrajma . 
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TABLE 19 


4-MethyUl-alkene series 
T - 746.42 log (n -f 4.4) - 428.21 


KAMS OF OOMPOUND 

NUIIBBB OF 
CABBOIf ATOIIS 

T 

(obsbbvbb) 

T 

(calculatbd) 

AT 



•A. 

•A. 

•IT. 

4-Methyl-1-pentene.! 

6 

328.4 1 

329.9 

-1.6 

4-Methyl-1-hexene. 

7 

360.1 

369.6 

+0.5 

4-Methyl-l-heptene. 

8 

385.9 

386.9 

-1.0 


TABLE 20 

f^’-MethyUfi-alkene series 
T » 746,42 log (n + 4.4) ~ 419.21 


NAMB OF COMPOUND 

NUMBBBOr 
CABBON ATOIIS 

T 

(obsbbvbd) 

T 

(calculatbd) 

AT 



•JC. 

*JC. 

•A. 

2-Methyl-2-butene. 

6 

308 

306.2 

+2 

2-Methyl-2-pentene. 

6 

339.1 

338.9 

+0.2 

2-Methyl-2-hexene. 

T 1 

368.2 

368.6 

-0.4 

2-Methyl-2-heptene . . 

1 ^ 

396.7 

396.9 

-0.2 

2-Methyl-2-octene . 

! 9 

1 

419.3 

422.0 i 

-2.7 


TABLE 21 

£, S-DimeihyUt -alkene series 
T - 746.42 log (n + 4.4) - 431.11 


NAMB OP COMPOUND 

NUMBBB OP 
CABBON ATOMS 

T 

(obsbbvbd) 

T 

(calculatbd) 

Af 



•A. 

•A. 

•X. 

2,3-Dimethyl-l-butene. 

6 

327.1 

327.0 

+0.1 

2,3-Dimothyl-l-pentene. 

7 

367.0 

366.7 

+0.3 

2,3-Dimethyl-l-hexene ,,.. j 

s 1 

383.6 

384.0 1 

-0.4 


TABLE 22 

iS , i^^DimeihyUt -alkene series 
T - 746.42 log (n + 4.4) - 431.60 


NAMB OF COMPOUND 

NUMBBB OF 
CABBON ATOMS 

T 

(obsbbvbd) 

T 

(calculatbd) 

AJT 



•X. 

•X. 

•X. 

2) 4-Dimethyl-l-pentene. 

7 

364.2 

366.2 

-2.0 

2,4-Dimethyl-l-hexene. 

8 

384.2 

383.6 

+P.7 


The boiling points of paraflans containing two methyl side chains in the 
molecule which are not attached to the same carbon atom in the penulti¬ 
mate position along the main chain or to adjacent carbon atoms is inde- 
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TABLE 28 

t,8~Dimeihi/l-4-alkene aeriet 
T - 746.42 log (n + 4.4) - 427.86 


NAME OF COMPOUND 

NUMBBB OF 
OABBOM ATOMS 

T 

(obebbybd) 

T 

(calculated) 

AT 

2,^Dimethyl-2-heptene.! 

9 

•ic. 

412.0 

•K. 

412.3 

mm 

2,6-Bimethyl-2-octene. 

10 

436 

435.6 

1 +0.4 


TABLE 24 

S,S-Dimethyl-l-alkene series 
T - 745.42 log (n + 4.4) - 437.71 


NAME OF COMPOUND 

NUMBBB OF 
CABBON ATOMS 

T j 

(obsbbybd) 

r 

(caloulatbd) 

AT 



•X. 

•X. 

•X. 

3,3-Dimethyl-l-pentene. 

7 

350 

350.1 

0 

3,3-Dimethyl-l-hexene. 

8 

378.0 

377.4 

+0.6 

3,3-Dimethyl-l-heptene.j 

9 

401.9 

402.5 

-0.6 


TABLE 25 

4,4-Dimethyl-l-alkene series 
T =• 745.42 log (n + 4.4) - 436.41 


NAME OF COMPOUND 

NUMBBB OF 
CABBON ATOMS 

T 

(OBSBBYSO) 

T 

(calculated) 

AT 



•X. 

•X. 

•X. 

(4,4-Diniethyl-l-pentene). 

(7) 

(345.48) 

(352.42) 

(-6.94) 

4,4-Dimethyl-l-hexene. 

8 

380.3 

379.7 

+0.6 

4,4-Dimethyl-l-heptene. 

9 

404.2 

404.8 

-0.6 


TABLE 26 

t,S-Dimethyl-S-alkene series 
T - 746.42 log (fi + 4.4) - 422.11 


NAME OF COMPOUND 

NUMBER OF 
CABBON ATOMS 

T 

(obsbbybd) 

T \ 

(calculated) 

AT 



•X. 

•X. 

•X. 

2,3-Dimethyl-2-pentene. 

7 

365.1 

365.7 

-0.6 

2,3-Dimethyl-2-hexene. 

8 

393.3 

393.0 

+0.3 

2;3-Dimethyl-2-heptene . 

9 

418.6 

418.1 

+0.5 


pendent of the relative position of these methyls, as is evidenced by k 
remaiining approximately constant for these series. For 2,2-dimethyl- 
idkanes the boiling points are about 4° lower than for the corresponding 
members of the other dimethylalkanes. 
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TABLE 27 

$fi-Dimelhyl-B‘’alkene series 
T « 745.42 log in -f 4.4) - 432 


NAMa or COMPOUND 

NXTMBSR OF 
CARBON ATOMB 

T 

(obsbrvbd) 

T 

(galcttlatbd) 

AT 



•A. 

“K. 


2)4-Dimethyl-2-pentene. 

7 

356 

356 

0 

2,4**Dimethyl-2-hexene. 

8 

383 

383 

0 

2,4-Dime thyl-2-heptene. 

9 

408 

1 

408 

0 


TABLE 28 

£ fS^Dimethyl-S-alkene series 
T * 745.42 log (n + 4.4) - 429.66 


NAMB OP COMPOUND 

NUMBBR OP 
CARBON ATOMS 

T 

(obbbrvbd) 

T 

(calcdlatbd) 

1 

AT 



•A. 

•A. 

“A. 

2,5-Dimethyl-2-hexene. 

8 

385.4 

385.4 

0.0 

2,5-Dime thyl-2-heptene 

9 

411 

410.6 

-1-0.4 

2,5-Dime thy 1-2-octene. 

10 

435 

433.9 

+1.1 


TABLE 29 

Miscellaneous dimethylalkenes 


NAMB OP COMPOUND 

NUMBER OF 
CARBON ATOMB 

T 

(obbbrvbd) 

T 

(calculated) 

AT 



•A. 

•A. 

•A. 

2,5-Dimethyl-l-hexeDe .. 

8 

384.7 

384.7 

0.0 

2,6-Dimethyl-l-heptene . ... 

9 

408.4 

408.4 

0.0 

3,4-Dimethyl-l-hexene. 

8 

378 

378.0 

0 

3,5-Dim6thyl-l-hexene. 

8 

378.5 

378.5 

0.0 

3,7-Dimethyl-l-octene. 

10 

427 

427,0 

0 


TABLE 30 
1 jAlkadiene series 
T - 745,42 log (n -f 4.4) - 407.75 


NAMB OP compound 

NUMBER OP 
CARBON ATOMB 

T 

(obbbrvbd; 

T 

(calculated) 

AT 

Propadiene. 

3 

•it. 

238.79 

•A. 

240.19 

•A. 

-1.40 

1,2-Butadiene. 

4 

283.4 

281.7 

+1.7 

1,2-Pentadiene. 

5 

317.8 

317.6 

+0.2 

1,2-Hexadiene. 

6 

351.5 

350.4 

+1.1 

1,2-Heptadiene. 

7 

378 

380.1 

. 

-2 
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The introduction of a double bond in the molecule affects the boiling 
point quite markedly. In the strai^t-chain molecules, a double bond in 
the terminal position lowers the bcnling point (relative to the normal 
alkane) by 6® to 6®. A double bond in the 2-position (fits- and trant-2- 
alkenes) lowers the boiling point less tiian 0.5°. 


TABLE 31 

C"“C—(C )«—ttriea 
T - 746.42 log (n + 4.4) - 424.89 


NAIUB OF OOlirOUNO 

NUliaBB OF 
OABBOW AVOia 

T 

(obmbbvbd) 

T 

(cAUJin^ATao) 

AT 

l,2-Proi>adiene. 

3 

•1C. 

238.79 

•JC. 

223.05 

•iC. 

+15.74 

1,3-Butadiene. 

4 

268.38 

264.09 

+4.29 

1,4-Pentadiene. 

5 

302.6 

300.5 

+2.1 

1,5-Hexadiene. 

6 

332.70 

333.22 

-0.52 

1,7-Octadiene. 

8 

390.6 

390.2 

+0.4 

1,8-Nonadiene. 

9 

415.9 

415.3 

+0.6 

1,9-Deoadiene. 

10 

443 

438.6 

+4 

1,11-Dodeoadiene. 

12 

480 

480.7 

-0.7 


TABLE 82 


1-Alkyne teries 

T m 746.42 log (» + 4.4) - 413.81 


WAMa OF OOMPOUNO 

VXntMWM OF 
CASBOH ATOMS 

T 

(OBtBBVBD) 

T 

(CALOOLATBD) 

AT 

Ethyne. 

2 

•JC. 

189.5 

•1C. 

187.1 

•K. 

+2.4 

1-Propyne. 

3 

245.6 

234.1 

+11.5 

1-Butyne. 

4 

281.0 

275.2 

+5.8 

1-Pentyne. 

5 

312.4 

311.6 

+0.8 

1-Hexyne. 

6 

344.0 

344.3 

-0.3 

1-Heptyne. 

7 

373 

374.0 

-1 

1-Octyne. 

8 

400.9 

401.3 

-0.4 

1-Nonyne. 

9 

424 

426.4 

-2 

1-Undecyne. 

11 

473 

472.0 

+1 


For molecules containing one side chain, the difference between the 
boiling points of the olefin and the corresponding paraffin depends upon 
the relative positions of the double bond and the side chain. If the side 
chain is attached to one of the carbons forming the double bond, tiie 
bmling point of the olefin is higher than that of the paraffin. The 2- 
metiiyl-l-alkenes boil approximately 1.7® higher than the 2-methylaikane8, 
ahd the 2-methyl-2-alkenes boil about 5.3° higher than the 2-methyl- 
alkanes. On the other hand, if the side chain is attached to a carbon atom 






















TABLE 33 


Values of the constant k for various hydrocarbon series 


MBIM 

k 

MSAN 

OXVIATZON 

k k normal aUumw 

Alkanes 

Alkane. 

-416.31 

0.40 

0.0 

2-Methylalkane. 

-424.61 

0.36 

-8.20 

3-Methylalkane. 

-422.88 

0.30 

-6.57 

4-Methylalkane. 

-424.50 

0.06 

-8.28 

3-Ethylalkane. 

-423.01 

0.50 

-6.70 

2,2>Dimethylalkane. 

-436.34 

0.17 

-19.03 

2,3*Dimethylalkane. 

-425.88 

0.72 

-9.57 

2,4-Dimethylalkane. 

-431.30 

0.98 

-15.00 

2,5-Dimethylalkane. 

-431.90 

1.13 

-15.60 

2,6-Dimethylalkane. 

-431.11 

1.25 

-14.80 

2 f 7-Dimethylalkane. 

-430.67 


-14.38 

3,3-Dimethylalkane. 

-430.10 

0.97 

-13.79 

3,6-Dimethylalkane. 

-430.46 


-14.15 

7, S^Dimethylalkane. 

-434.62 


-18.31 

Alkenes 

1-Alkene. 

-421.91 

0.46 

-6.60 

cis-2>Alkene. 

-416.31 

0.70 

0.00 

<ran<«2«Alkene. ... 

-416.61 

0.20 

-0.30 

2-Methyl-l-alkene. 

-422.81 

1.30 

-6.50 

3*Methyl-l«alkene. 

-431.07 

0.42 

-14.76 

4-Methyl-l-alkene. 

-428.21 

1.00 

-11.90 

2-Methyl-2*alkene. 

-419.21 

1.10 

-2.92 

2 1 3-Dimethyl-l-alkene. 

-431.11 

0.27 

-14.80 

2,4-Dimethyl-l-alkene. 

-431.64 

0.90 

-15.33 

2,5-Dimethyl-l-alkene. 

-430.40 


-14.09 

2,6-Dimethyl-l-alkene. 

-431.80 


-15.49 

3,3-Dimethyl-l-alkene . 

-437.71 

0.40 

-21.40 

3,4-Dime thyl-l-alkene. 

-428.76 


-12.46 

3,5-Dimethyl-l-alkene. 

-436.56 


-20.25 

3,7-Dimethyl-l-alkene. 

-436.46 


-20.15 

4 , 4-Dimethyl-l-alkene. 

-435.41 

0.60 

-19.10 

2,3-Dimethyl-2-alkene. 

-422.11 

0.50 

-5.80 

2,4-Dimethyl-2-alkene . 

-432 

1.0 

-16 

2,5-Dime thyl-2-alkene. 

-429.66 

0.33 

-13.35 

2,6-Dime thyl-2-alkene. 

-427.86 


-11.65 

1,2-Alkadiene. 

-407.75 

1.28 

4-8.56 

0-0-(C),-0-C. 

-424.89 

1.7 

-8.64 

Alkyne 

1-Alkyne. 

-413.81 

1.7 

4-2.50 
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at least one removed from the double bond, the boiling point of the ol^n 
is less than that of the corresponding paraffin. For example, the 3-mel^yl- 
l-alkenes boil 8.2® lower than the 3-methyldkanes, and the 4-methyl-l- 
alkenes boil about 3.6® lower than the corresponding alkanes. 

In the 2,3-dimethyl-2-alkene series, where both side chains are attached 
to the carbon atoms forming the double bond, the boiling point is 3.8“ 
higher than that of the corresponding alkane, whereas in the 2,3-dimethyl- 
l-alkenes, where one of the side chains is attached to a carbon atom one 
removed from the double bond, the boiling point is 5.2® lower than that 
of the corresponding paraffin. When the double bond is in the 1-position 
and a methyl group is attached to a double-bonded carbon atom, i.e., in 
the 2-position, the boiling point is independent of the position of the other 
methyl group except when that group is in the 3-position, and is the same 
as that of the corresponding dimethylalkane. Thus, isomers of the n,n- 
dimethylalkane series (n -H 1 n' and n' = 2) and of the 2,n'-dimethyl-l- 
alkene series have the same boiling points within experimental error. In 
the case of the 3,n'-dimethyl-l-alkene group (n' > 3) the boiling point is 
independent of n' and all isomers boil at the same temperature, except 
members of the 3,4-dimethyl-l-alkene series. This exception is identical 
with that for the dimethylalkane series. The above rule does not apply 
to the dimethyl-m-alkene series with m > 1. 

The effect of two adjacent double bonds in the molecule is shown by 
the boiling points of the 1,2-alkadienes being 8.6® higher than for the 
normal alkanes, and furthermore in table 31. In this table it may be 
noted that the difference between observed and calculated boiling points 
is large in the case of 1,2-propadiene and gradually decreases as the dis¬ 
tance between double bonds increases. For 1,5-hexadiene and higd^er 
members of the series the difference is negligible. The large deviation 
between the observed and the calculated boiling points of 1,9-decadiene is 
probably due to experimental error. 

The presence of a triple bond in the terminal position raises the boiling 
point relative to the normal alkanes about 2.5®. 

The boiling point can be correlated with other physical properties, such 
as the molal volume and the mole refraction. Studies along this line are 
being made and will be reported at a later date. 

STTMMABY 

The boiling points of thirty-one homologous series of aliphatic hydro¬ 
carbons have been correlated by means of the equation 

r = o log (n -f 6) -4- fc 

the mean deviation between calculated and observed values being only 
0.7“ fm* the one hundred forty-three hydrocarbons considered. 
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In this equation k varies from series to series while a and b remain con¬ 
stant. The constants a and b were evaluated from the data of normal 
alkanes, the values being 745.42 and 4.4, respectively. The values for k 
were calculated for each series and the results reported. 

Generalizations are given concerning the effect of the structures of the 
hydrocarbons of the different series on their boiling points. 
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LIGHT SCATTERING IN NORMAL HUMAN DENTINE^ 

The Calculation of Absorption and Scattering Constants 
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INTRODUCTION 

In the transmission of light by opal glass and gelatin suspensions, the 
relatively coarse particles cause considerable light scattering in comparison 
with the absorption. Bloch and Renwick (1) found that the data are 
described empirically by an equation of the form 

log y (1) 

where Jo and / represent the intensities of the original and transmitted 
beam, respectively, a is the absorption coefficient, t is the thickness in 

^ This work was supported in part by a grant from the Carnegie Foundation of 
New York. 

• Present address: Chemical Division, Procter and Gamble Company, Ivorydale, 
Ohio. 
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centimeters, and b is an empirically chosen constant. From theoreiieal 
considerations, Channon, Renwick, and Storr (2) showed that the magni¬ 
tudes of the coefficients of absorption and scattering may be calculated 
from an exponential series 

^ -I- Qe-’“ (2) 


where P, 0, and X are constants. 

In order to evaluate the constants P, Q, and X, and from these to obtain 
the coefficients of scattering (x) and absorption (k), Channon, Renwick, 
and Storr Amplified Schuster’s equation (reference 8, page 4, equation 12) 
for the intensity of emergent radiation through a foggy atmosphere. For 
ease of computation we have rewritten their equation (reference 2, page 
228, equation 3) in the following form 

Z® = ^ - (X - A:)*e - 

^ ik'^kQc s) 


It is apparent that this expression has a form parallel to that of equation 
2, and we can therefore write: 


(X + k)* 

4Xk 

(4) 

(X - k)* 

4Xk 

(6) 

■\/k(k + a) 

(6) 


In order to solve the equations for k and s, numerical values for P and Q 
are first obtained from equation 2 by assuming different values of X, until 
optimum agreement with the data is obtained. By equation 4, k may 
be calculated from X and P, and by equation 6, a may be calculated from 
X and k. These values for k and a are dependent on assumptions of 
scattering by small particles (of molecular magnitude). Ryde and Cooper 
(7) and Silberstein (9) have derived comparable equations in which k and 
a values for scattering by large particles have been calculated. The 
latter equations give the same k and a constants as the former. 

Although the scattering surfaces in dentine are cylindrical and not 
comparable directly to the particles in opal glass, nevertheless the trans¬ 
parency of normal dentine may be described by equation 1. Constants 
of absorption and scattering in dentine have been calculated from equa¬ 
tion 3. The absorption constant of normal dentine is found to be com¬ 
parable in magnitude to that of opal glass, while the scattering constant is 
about three times greater. The scattering is about three hundred times 
as important as absorption in decreacnng the fraction of light trqjosmitted 
by normal dentine. 



LIGHT SCATOEIIING IN DENTINE 


747 


EXPERIMENTAL 

Materials 

Five teeth having large areas of normal, unmodified dentine were 
ground roughly planoparallel to a thickness of about 2 mm. The trans¬ 
mission of light was measured in reproducible locations in the dentine 
and thickness determined at these areas, using a special ball-point mi¬ 
crometer. The slabs were then ground to successive thicknesses of ap¬ 
proximately 1.0,0.5,0.2, and 0.1 mm. and remeasured in the same locations 
after grinding. 


Apparatus 

A galvanometer (Leeds and Northrup, sensitivity 0.003 milliampere per 
millimeter) was wired directly to a photocell (Weston, blocking layer) 
mounted on a 5 X microscope ocular by adhesive tape. A potentiometer 
was shunted across the galvanometer circuit to permit measurement of 
widely differing light intensities with the same accuracy. 

Procedure 

For a determination the section was covered with a few drops of water 
and a cover glass superimposed. The microscope without substage con¬ 
denser was focussed, using a 4-mm. objective and illumination from a 
ribbon filament lamp adjusted to give approximately parallel light. The 
ocular of the microscope was replaced by the ocular with the photocell, 
the shunt resistance adjusted, and the reading and shunt resistance re¬ 
corded. Without disturbing the lighting adjustment, a blank reading 
was made with the section pushed aside, 

RESULTS 

In figure 1 the optical densities per unit thickness are plotted as ordi¬ 
nates against the thicknesses of the tooth sections. With decreasing 
thickness, especially under 0.5 mm., there is a rapid increase in density 
per unit thickness. Obviously Lambert’s law does not apply; however, 
the solid line, log Iq/I = af *^, fits the data closely. The probable error 
of the constant a is 3.8 per cent, as calculated from the deviations in each 
tooth separately. The average deviation for lo/I values in a given meas¬ 
urement is about 5 per cent; this may be ascribed to variation in relocating 
the area measured. This small error includes the biological variation 
within the tissue and indicates that the method is sufficiently accurate 
for comparison of histological changes in dental tissues of similar thick¬ 
nesses. It is evident that normal dentine is a very uniform substance, 
since the variations from tooth to tooth are no greater than the experi¬ 
mental errors. 

For normal dentine, the values for the scattering and absorption co- 
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efficients were calculated by the procedure outlined above. From the 
experimental values in figure 2, a prdiminary curve (not shown) was 
drawn by inspection. Constants were obtained for equation 2 by suc¬ 
cessive approximation in the following manner: Values of X between 0.2 
and 1.0 were assumed and substituted in the equation; two sets of corre- 



Fio. 1. Plot of optical densities per unit thickness against the thicknesses of the 

normal tooth sections 



Fig. 2. Plot of It/I against the thickness of normal dentine 

Spending values for It/I and t, read from the preliminary curve, were also 
substituted, and the resulting pair of simultaneous equations was solved 
for P and Q. The solutions were tested graphically by comparison with 
the data. The best agreement was obtained wh^ X » 0.50 dz 0.05, in 
which case, P * 5 and Q = — 4. Solution by means of equations 4 and 
0 gave a coefficient of absorption of 0.(^ and a coefficient Ot scattering 
OX) for normal dentine. The large variation in the optical dennty 
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per unit thickness (figure 1) can be explained by the fact that the scattering 
coefficient is about three hundred times the absorption coefficient. 

An attempt was made to correlate the data for a few areas of “trans¬ 
parent dentine^ ^ which represent pathologically changed tissues. The 
wide scatter of points at each thickness may be attributed to the vari¬ 
ability in the extent of transformation from normal to transparent den¬ 
tine. In figure 3 a dotted line has been drawn through the points of 
maximum transparency, representing the areas of greatest possible trans¬ 
formation. The dotted line, however, does not fulfil the theoretical 
condition of passing through 1.0 at zero thickness, because of reflections 
from the first and second surfaces of the tooth section. From the first 
surface about 2 per cent of the light is lost, while from the second a larger 
amount is rejected, depending upon the extent of scattering within the 



Fio. 3. Plot of h/I against the thickness of transparent dentine 

slab. To eliminate the error due to surface reflections, a solid curve 
computed from equation 2 has been drawn parallel to the dotted line. 
From the solid curve the values obtained for F, Q, and X are 1.6, —0.6, 
and 0.13, respectively, giving a coefficient of scattering of 0.5 and a co¬ 
efficient of absorption of 0.03 for dentine of “maximum” transparency. 

DISCUSSION 

The curves obtained from the equation of Channon, Renwick, and Storr 
(equation 2) and from the empirical formula (equation 1) are both shown 
in figure 1 for comparison with the data. Either describes about equally 
well the relation between opacity and thickness. This finding is in agree¬ 
ment with the results of Channon, Renwick, and Storr (2), who found 
that the empirical relation held over the entire range of their measurements 
on opal glass. The scattering coefficient of opal glass lies between those 
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of normal and transparent dentine, but the absorption coefficients of the 
three substances are similar. 


BtJB8TA.NCa 

ABtOBFTION 

COSPFICIBNT 

•CATTBBUrO 

COBPPICXBNT 

Normal deatine. 

0.03 

9.0 

Transparent dentine. 

0.03 

0.6 

Opal glass (2). 

1 0.0566 

3.360 


The large amount of scattering in normal dentine is due to the tubular 
structure. In normal dentine a calcified matrix (np = 1.56) (5) surrounds 
minute tubules which contain an aqueous medium (np == approx. 1.3) 
and probably Tomes’ fibers, which are hollow, pipe-like structures filled 
with liquid. The large difference between the refractive indices of the 
matrix and of the tubular fluid gives rise to the opacity of normal dentine. 
Experimental proof of this mechanism has been obtained by successively 
filling the tubules with media of increasing refractive indices (6). An 
increasing transparency was found with media of ni> from 1.3 to 1.56, and 
a decreasing transparency above 1.56. When the refractive indices of 
the matrix and of the tubule contents were the same, the transparency 
thus produced was maximal. 

Any calcification of the tubules should decrease the scattering co¬ 
efficient by tending to equalize the refractive indices of the matrix and 
tubules. In transparent dentine a deposition of calcific material in the 
tubules has been shown to occur (3, 4), and for this reason the constants 
derived from the curve in figure 3 are of especial interest. The absorption 
coefficient is practically the same as that of normal dentine, as would be 
expected. In contrast, the scattering coefficient is markedly decreased 
for transparent dentine. Although the amount of scattering is about one- 
twentieth that of normal dentine, the scattering coefficient is still sixteen 
times the absorption coefficient. A considerable scattering remains in 
transparent dentine, apparently either (1) because a layer of less refractive 
substance remains in the calcified tubules, or because the tubules are 
not completely filled with calcific materiaU^ 

SUMMARY 

1. The empirical equation of Bloch and Renwick has been found to 
hold for the relation between transparency and thickness of normal dentine. 

2. Absorption and scattering constants were calculated from the theo¬ 
retical relation of Channon, Renwick, and Storr. The coefficient of 
scattering (9.0) for normal dentine is about three hundred times the 
absorption coefficient (0.03). 

3. In transparent dentine, which has partially calcified tubules and 
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consequently less scattering surface, the scattering coefficient is one- 
twentieth that of normal dentine; the absorption constant, however, is 
not changed. 

The authors acknowledge the assistance of Dr. J. Stuart Campbell and 
Dr. Brian O^Brien of the College of Arts and Science of the University of 
Rochester. 
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THE PRECIPITATION OF SILVER CHROMATE* 

ANDREW VAN HOOK 

Department of Chemical Engineering, University of Idaho, Moscow, Idaho 
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INTRODUCTION 

In a recent contribution (24) to the theory of Liesegang ring formation, 
the necessity is pointed out for kinetic data on the formation of the band¬ 
ing precipitate. There is some information available in the literature 
(2, 5, 6, 7, 8) on the precipitation of silver chromate in gelatin medium, 
but none of it has been analyzed kinetically, and all represents the forma¬ 
tion from equivalent concentrations of the forming ions. The situation 
when the ions are present in non-stoichiometric amounts is of primary 
importance for the complete interpretation of the Liesegang phenomenon 
in mind (23). For this ultimate purpose a kinetic study of the precipita¬ 
tion of silver chromate has been undertaken. 

' Presented before the Division of Colloid Chemistry at the Ninety-eighth Meet¬ 
ing of the American Chemical Society, held in Boston, Massachusetts, September, 
1939. 
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Part I deals with the precipitation in aqueous medium witii equivalent 
concentrations of reactants; part II covers the case of non-equivalent 
ratios. These results will be extended to the gelatin medium in part III 
and presented in another paper. 


METHODB 

The course of reaction was followed by means of the silver electrode as 
described by Bolam (2). The comparison electrolyte was usually 0.01 M 
silver nitrate. Silver-ion concentrations were calculated from observed 
E.M.F.’s, employing the activity coefficients given by Kielland’s modifica¬ 
tion (12) of Lewis and Randall’s standard table. £.h.f.’s were read to 
the nearest 0.5 millivolt, and in some cases even closer. Supplementary 
results (16) were obtained conductimetrically but the potentiometric 
method is preferred because it is unique for silver-ion concentration and 
is independent of other ions confronted (4). 

It is known that the pH of the environment exerts a marked effect on 
the precipitation of silver chromate from gelatin medium (7). The pH 
of the unbuffered mixed solutions as used in this work was between 5.8 
and 6.0; in this range some of the eccentricities reported in the above 
reference are avoided. Much of the preliminary work was done at room 
temperature, but the results presented were obtained at 25®C. All re¬ 
acting solutions were stirred well in excess of the threshold rate. 

The effect of the addition of crystal seeds to the reacting system has 
supplied important interpretive results. The stock slurry used through¬ 
out the work was completely aged, and contained 6.7 X 10~® moles of 
silver chromate per milliliter. By direct count* it contained 10* to 10* 
particles per milliliter, while the seed density calculated from the observed 
size (as spheres with major dimensions of 2 to 3 m) i^ 0.3 X 10*. Upon 
dilution of this stock slurry to an extent obtained in the experiments, no 
alteration could be observed during a period well in excess of the time 
consumed in an ordinary run. 

Most of the exploratory work was done at concentrations equivalent 
to an ion product of 50 X 10““. At higher concentrations (200 X lfi““ 
and above) the reaction is too fast and adsorption effects become strong, 
while at lower values (10 X 10““ and below) the reactions are too slow. 

DATA 

Part I 

There has been considerable work done on the rates of crystallization of 
both soluble and insoluble solutes from solution (9, 21, 27), and in most 
of these experiments the precipitating material is formed without excess 

• Courtesy of A. L. Anderson of the Department of Geology of the University of 
Idaho. 
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of the forming ions. ‘The precipitation velocity can be represented as 
some function of the supersaturation, and the curve usually consists of a 
relatively flat induction period, followed by a rapidly decreasing portion. 
These two parts may be associated with the crystal nuclei formation and 
growth, respectively. Silver chromate is entirely normal in this respect 
(2, 5, 6, 7, 8, figure 1).* 

Figure 1 represents the precipitation of silver chromate from super¬ 
saturated aqueous solutions, the initial concentrations being designated 
as the value of the ion product, = [Ag+]2[Cr07 “], at zero time. The 
termination of the induction period is quite sharp and could usually be 
ascertained within 1 min. from inspection of the data. In other cases it 
is readily obtained by back extrapolation of the growth curve. 



Fig. 1. Adjustment of silver chromate aqueous solutions 

The progressive addition of seeds, at a definite AT®, continuously dimin¬ 
ishes the length of the induction period and also accelerates the velocity 
during the main part of the curve. Figure 2 iflustratcs this. The effect 
of a constant quantity of inoculating seeds on the induction period as the 
initial concentration is changed is demonstrated in table 1. 

Part II 

All of the few papers published (11, 14, 17, 18) on the rate of precipita¬ 
tion of difficultly soluble materials from non-stoichiometric proportions 

»W. M. Fischer (Z. Anorg. Chem. 145, 311 (1925); 15S, 62 (1926)) in two papers 
on the '^Mechanism of Separation of Salts from Supersaturated Solutions” presents 
data of the type given here, but only for equivalent concentrations, over a much 
narrower range, and only for the induction period. The small induction periods 
(20 sec. at H® — 50) observed turbidimetrically vitiate, in the writer's opinion, the 
quantitative analysis attempted. 
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of reactants are agreed on the induction period (7) being smne function 
of the ion product. Jensen, working with calcium fluoride, represents the 
relation between J and as an empirical hyperbolic formula which 
reduces to = constant over a considerable range (25). Oden’s rela¬ 
tion, for strontium sulfate and thallous chloride, in the nomenclature of 
this paper is = constant, where a > 3. Kurbatov states that non¬ 
equivalent amoimts of precipitating agents discourage new centers of 
crystallization; this is in harmony with the above type of equations. 



Fig. 2. Adjustment of silver chromate solutions in the presence of seeds. //® * 50 
X 10”^* cc. of stock seed slurry added to 50 cc. of reaction volume. 

TABLE 1 


Effect of a constant quantity of inoculating seeds on the induction period as the initial 

concentration is changed 

0.25 cc, of stock seed slurry added to 50 cc. of total reaction volume 


Ho 

j 

J(H, - Kap) 

Ho 

J 

J{Ho ~ Ksp) 

25 

minut99 

16.5 

346 

100 

minvin 

4.5 

432 

50 

9.3 

427 

125 

3.5 

426 

75 

5.8 

412 

150 

3 

438 


The induction period for silver chromate, at a certain initial ion product 
value, remains unchanged when the concentrations of the reacting ions 
are varied, within reasonable limits* For = 50 and 75 X these 
limits of the ratio 


Equivalents AgNOs _ ^ 
Equivalents KsCrOi 
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are between 10 and 1/100, and between 10 and 1/50, respectively. Below 
the lower values the termination of the induction period is indefinite, and 
the seed generation curve is not as flat as previously. These effects be¬ 
come more pronounced at higher concentrations,- at 7/° == 150 the in- 


TABLE 2 

Induction period; non-atoichiometric ratio of reactants 


RATIO R 

VALt7BS or J IN MINUTES 

- 50 

« 76 

i/o- 100 

m - 150 

10:1 

ca. 24 

ca. 16 

10.5 

ca. 5 

6:1 

21 




5:1 


15 

10 

6.5 

3:1 

19 ! 




1:1 

22 

15 

11 

6.5 

1:2 

24 


10 

5.5 

1:5 

21.5 

16 

10.5 

3.5 

1:10 

21 

15 5 


ca. 2 

1:25 

20 


ca. 5 

? 

1:50 

23 

14 

? 


1:100 







Fio. 3. Progress of non-stoichiometric reactions. =« 150 X 10“^*; no added 
seeds. H ■■ O.l, ordinate diminished by 40 millivolts; R «■ 0.2, ordinate diminished 
by 10 millivolts. 





766 


AKDBEW VaK hook 


duction period becomes shortened and indefinite at iZ 1/5. Thra be¬ 
havior is illustrated in table 2 and figure 3. As iZ is made greater 
than 1, the percentage change in silver-ion concentration durk^ reaction 
becomes smaller, and a ratio of 10 to 1 is about the maximum feasible to 
measure. 

When R is varied over the range from 10 to 0.02, the results during the 
growth period are regular only for low initial concentrations (up to 
* 60). As is increased and R altered from 1, irregularities become 
pronounced. With excess chromate ion the curves tend to type b in 
figure 4, while with excess silver ion a waviness and pause is all that can 
be detected experimentally. These irregularities are direct evidence of 
what may variously be called adsorption, aggregation (17, 18), aging (13), 
ripening, etc. They are all undoubtedly manifestations of the same funda- 



Fig. 4. Course of reaction at high concentrations. Curve a, ft -« 1; curve b, 
ft <C 1; curve c, ft 1, 

mental process, the operation of which obscures the primary rate of 
crystal growth. 

DISCUSSION 

Part I 

The velocity equations which are found to represent the data of part I 
best are a first-order reaction for nuclei generation, followed by a second- 
order growth of each of these nuclei. The concentration is interpreted 
best in terms of supersaturation of silver chromate, 5 — C — Cggt., where 
the C*& are expressed as ion products and may be considered as propor¬ 
tional to the actual silver chromate concentration in the sense of the mass 
action law. In this same sense equation 1 is identical with von Wei- 
marn^s equation for the velocity of nuclei formation. The equations are: 

^ - Kbt) 


( 1 ) 
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and 


d/S* , 

s - 


( 2 ) 


It is not improbable that a nucleus is, on the average, a conglomerate 
of a minimum number of molecules, and therefore 


dn = —kzdSi 


(3) 


The subscripts 1 and 2 designate the contributions of seed generation and 
growth, respectively, while n Is the seed density. 

The observed velocity of reaction will be the sum of the velocities of the 
two parts: 


dS 

dt 




(4) 


(a) Induction period. The two parts of this equation were established 
independently. Experimentally each nuclei generation period is a zero- 
order reaction, but the change in induction period with initial concentrar- 
tion of reactants, with or without added seeds, is defined by a first-order 
change. For, if 

dl h 



Since S does not change materially during the induction period, we may 
approximate: 

Sj^ So- a 


In 


So 

So-a 




SqJ = (Ho — Kap)J = const. 


Tallies 3 and 1 approve this result. 

When varying amounts of seeds are added at a given beginning conenn- 
tration we may write, from equation 1, 

J dn ^ ki Sdt 

Since S remains practically unchanged during the induction period, and 
since nj will be essentially a constant, 

Hj — A ^ kiSoJ 



768 


ANDBKW VAN HOOK 


The family of curves in figure 5, whose empirical equation is 

, _ 1050 X 10““ ml. Beeds\ 

50 0.42 / 

TABLE 3 


Induction periods 


mxm 


- Kbp) X 10 » 

200 

fntnufoi 

ca. 2 

392 

150 

6.5 

945 

125 

9 

1090 

100 

11 . 

1055 

75 

15 

1065 

50 

22 

1010 

30 

35 

910 

22 

ca. 65 

1170 

20 

67 

1070 

10 

ca. 120 

720 

Average. 


1050 



Fig. 5. Induction period versus cubic centimeters of stock seed slurry added per 
50 cc. of reaction volume, 

confirms this. Comparing these equations we may estimate the value of 
h as 10“ to 10“, the dimensions being the number of nuclei per cubic 
centimeter per minute per (unit ion product — Kap). The best observar 
tions at == 50 indicate that the total decrease in silver-ion concentra¬ 
tion over the induction period is of the order of 0.05 X 10~^ mole per liter. 
From this we may estimate h = 10“ to 10“ nuclei per mole of silver 
chromate. The reciprocal times the Avogadro number is tantamount to 
10® to 10* molecules per seed crystal, which amounts to a spherical seed 
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about 1 m/jt in diameter. While this order of size is far in excess of that 
usually conceived as composing the elementary seed, it is interesting to 
note that it is the limiting size observed as necessary to promote crystalliza¬ 
tion from metastable solutions (1, 17, 18). 



Fig. 6. Bimolccularity of growth period. No added seeds 



Fig. 7. Bimolecularity of growth period. — 50 X 10'^*. Seeds added, cubic 
centimeters of stock slurry per 50 cc. of reaction volume. 

(b) Growth period. Preliminary calculations suggested an approximate 
bimolecular mechanism in terms of the supersaturation as already defined. 
The bimolecularity is better the higher the initial concentration, and the 
greater the amount of added seeds. These behaviors are illustrated in 
figures 6 and 7. The reason for the deviations is unquestionably the effect 
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of tile number of seeds formed during reaction.^ If the correct velocity 
eiQiression for the growtii portion of the curves is 


-d5i 

dt 


*in5* 


and the seed density is large and constant, then the integrated curve is 



The left-hand side of this equation is the slope of the early part of the 
curves, and figure 8 demonstrates that it is linear in terms of added seeds. 



Fig. 8. (a) Bimolecular velocity constant versus cubic centimeters of stock seed 
slurry added per 60 cc. of reaction volume, (b) Bimolecular velocity constant 
versus initial concentration; no added seeds. Units of k are (unit ion product)"^ 
(min.)“^. 

When A is zero or small, the effect of the seed generation factor can 
not be neglected. In this case it is best to express n as an implied function^ 
of ^ (17, 18, 19, 20, 22, 26): 

ft ^ A kSt 

The complete differential equation describing the entire course of precipita- 
tion is then 

= ^S + feAS* + khtl^ 
dt kt 

^ Campbell and Campbeirs drifting unimolecular constants for barium succinate 
may be due to the same cause. 

• The correct form of the expression n ■» f(8, t) is not available or obvious. As n 
increaees, aggregation and adsorption effects become pronounced. 
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This equation, and its approximation when n = /4 + kSH, are Ricatti 
type equations which can not be solved in finite terms; and the series 
integration is too cumbersome for practical use. If a further approxima¬ 
tion in the form of 


is made, the solution is 

Qualitatively this correction will improve the constancy of the velocity 
constants in the latter part of the reactions, especially when A is small. 
This equation also demands an increase in value of the apparent bimolec- 
ular rate constant as the initial concentration is increased. This increase 
is roughly linear above = 60, according to curve b of figure 8. Quanti¬ 
tatively the equation is not exact, but this is to be expected in the light 
of its very approximate nature. It gives a fairly good half-life test over 
the range — 10 to 200. 


Part II 

The data of part II have been treated in the same way as already done 
for part I. In general, the same equations hold, but their range of validity 
is decreased as the ratio of reactant ions is altered from 1. 

(а) Induction period. From table 2 it is concluded that the product 
SV remains equal to 1050 X 10~^® for reasonable values of R and values 
of S® up to 100, but begins to decrease thereafter. Apparently excess 
chromate ion exerts more of a disturbing effect than does excess silver ion, 
and this is to be expected with such a divalent anion. The operation of 
these adsorption factors also explains the wavy nature of the many curves 
obtained of types b and c in figure 4, and the fact that in some cases 
(figure 3, 6/1) a silver-ion concentration less than that permitted by the 
solubility product principle was observed. It also means that we can not 
expect very direct or clean-cut kinetic results for the growth period when 
H® is high and/or R very different from 1. 

(б) Orowth period. As anticipated, the rate of growth curves do not 
agree well with the foregoing analysis. It is surprising though, that the 
growth remains bimolecular in terms of 8 throughout a considerable por¬ 
tion of the growth period for values of £f® up to 60 X 10~“. The daAed 
line in figure 6, which is for the case H® = 50 with R « 1/25, is typical of 
the ranges iT® « 10 to 50 and 1! « 10 to 0.02. The increase in the bi¬ 
molecular velocity constant as R changes, for initial concentrations up to 
£r® » 50, is displayed in figure 9. At higher initial concentrations a bi¬ 
molecular constant increases rapidly as reaction proceeds, and more so 
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the further from f the value of R. These cases have been considered 
empirically according to the general equation, 

and the trend is to smaller values of n as increases, and to increasing 
values of k for a certain value of n as ft deviates from unity. No general 
quantitative behavior has been detected. 

« A factor contributing to these increasing values of k and to the eccentric 
behaviors at higher concentrations is the fact that the chromate-ion con¬ 
centration employed is one calculated from the observed silver-ion con- 



Fio. 9. Bimolecular velocity constant; non-stoichiometric ratio of reactants. 
O, ft® - 50; □, ft« « 25; X, ft® « 10. 

centration decrease. While the Paneth-Fajans adsorption rule indicates 
that Ag+ and CrOr “ ions will be the principal ones adsorbed, it is not 
certain that the attending ions do not exert an effect. In the range where 
bimolecularity exists it is found experimentally that the addition of 6 to 
10 times excess potassium nitrate does not disturb the velocity constants, 
while at higher concentrations large excesses cause further irregularities 
in the curves. Generally (16), adsorbed materials decrease the rate of 
crystallization, but this was found not always to be the case. Gapon 
(10) finds similar behavior with more soluble materials. However, at 
the high concentrations where this effect was observed, the adjustment 
of the Ag+ and CrOr"" solutions is undoubtedly controlled by adsorption 
rather than by simple crystal building. The deviations from a rather 
well-behaved bimolecular reaction strongly suggest that adsorption in*^ 
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troduces disorder into an otherwise orderly mechanism. Such actions 
would explain why Campbell and Campbell (3) did not find a maximum 
ip the rate of crystallization from supersaturated solutions. 

It is expected that the simple expressions will be valid over a much 
larger range in gelatin medium, and therefore they may be applicable to 
the Liesegang ring problem already mentioned. Further analysis of the 
data available will be delayed until that time. 

SUMMARY AND CONCLUSIONS 

1. When silver chromate is formed from equivalent amounts of silver 
nitrate and potassium chromate in aqueous solution, the rate of adjust¬ 
ment of the solution may be represented as a two-step process: first, a 
unimolecular induction period during which the principal action is the 
generation of crystal nuclei; second, a bimolecular growth of these nuclei. 

2. From non-equivalent solutions the velocity expressions are valid 
only over a narrow range. The deviations become more serious the greater 
the excess of either one of the reactants. 

3. The complete velocity equation is not amenable to a simple treatment. 

4. Adsorption, aggregation, etc., become pronounced at high super- 
saturations and high non-equivalence. 

5. It is expected that the simple expressions will apply over a much 
larger range in gelatin medium. 
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I. INTRODUCTION 

Combined chemical and physical investigations of various high-poly- 
meric substances have led to the conviction that they are built up of very 
long chain-like molecules (3, 14, 27, 48, 68, 98, 100, 101). All kinds of 
information could be obtained regarding the average length of these chains, 
its distribution over the individual molecules, and its change by different 
chemical or physical treatment. In connection with these results the 
question was put forward (36,37, 43, 60, 51, 63, 65) as to how the mechani¬ 
cal and optical properties of fibers and films consisting of high-molecular 
substances may be explained by the molecular picture of their fine struc¬ 
ture. The first attempts to tackle this problem led to two divergent sug¬ 
gestions, which we can regard as extreme opposing points of view from 
which we may visualize our problem. 

One can start with the idea that the crystallized regions which have been 
found by x-ray analysis,—the so-called miceUae ,—^have the form of longish 
rod-like crystals with more or less regular surfaces and are arranged in the 
fibers or films similarly to the bricks in a wall. Figure la explains sche¬ 
matically this conception, which we might call the extreme micellar structure. 
It involves a very distinct difference between the space inside the crystal 
lattice (a, b) and outside of it (c, d); intramolecular and intermolecular 

^ Presented at the ninety-seventh meeting of the American Chemical Society, 
held in Baltimore, Maryland, April, 1939. 
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volumes are to be clearly distinguished. Intramolecular swelling would 
mean that the penetrating molecules enter the crystalline ranges and are 
divided homogeneously over the whole material. Intermolecular swelling 
means that only the spaces (c, d) between the small crystals are accessible 
to the swelling agent, the inner structure (a, b) of the micelle itself remain¬ 
ing unchanged (45). 

The other extreme possibility with regard to the structure of a high- 
molecular material is to assume that there is no formation of defined 





c 


- ”500A.- fO'cne ->j 

Fjo. 1. Representation of the possible structures of high-molecular substances 

micellae at all, the long main-valence chains forming a more or less compact 
mass in which it is impossible to point out certain regions of higher orienta¬ 
tion. Figure lb gives a sketch of this other extreme point of view, which 
might be called an extreme chain structure. This conception was brought 
forward by Astbury (3) and Staudinger (101). 

In recent years new experimental evidence necessitated the abandonment 
of these two preliminary pictures and the working out of more detailed 
ideas as to the fine structure of high-polymeric substances in the solid 
stag^. 
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In the following a short report of some experiments carried out since 
1932 at the First Chemical Institute of the University of Vienna will be 
given; the aim was to learn something about the intermicellar spaces in 
natural and synthetic fibers. Figure Ic shows sche^tically the result, 
which may be regarded as lying between the two extreme conceptioius 
represented in figures la and lb. 

The method used for this purpose was x-ray analysis, which has already 
given much valuable information about the crystallized portion of cellulosic 
samples. It may be justifiable to regard the study of this crystallized 
portion as more or less completed, and a recent very careful investigation 
by S. T. Gross and G. L. Clark (29) seems to have settled the last doubtful 
questions in this field. 

As a result of a long series of scientific work started in 1918 (1, 3, 10, 
29, 39, 40, 42, 46, 62, 76, 77, 81, 83, 84, 85, 89, 93, 94, 100) we can put 
forward certain lattices for the micellae of the native and mercerized 
cellulose which imply definite coordinates for all atoms in the elementary 
cell and describe the relative positions of the glucose residues and the 
main-valence chains in a more or less quantitative manner. But this 
picture excludes entirely the non-cryatallized portion of the samples, and 
another series of publications has pointed out with increasing emphasis 
that this part which has escaped to date the direct attack of the x-ray 
method may also be of considerable interest, especially for the technical 
properties of the fibers (2, 8, 11, 15, 21, 28, 32, 36, 37, 38, 43, 51, 53, 54, 
55, 60, 62, 66, 69, 70, 81, 97). Therefore the question was acute as to 
whether it would not be possible to get experimental evidence regarding 
the amorphous portion by making suitable x-ray investigations. 

Two possibilities seem to offer themselves for tackling this problem; 
namely, (A) the direct x-ray analysis of the amorphous material in the 
fibers, and (B) the introduction of minute crystals in the intermicellar 
holes and their observation with x-rays. Let us consider these two ways 
and refer briefly to the results. 

II. THE NON-CRYSTALLIZED PORTION OF CELLULOSE 

A. X-ray study of the non-crystaUized portion of cdluloee 

Although the x-ray method refers mainly to crystallized or semi-crystal- 
Uz^ materials, its applicability has been lately extended to the study of 
the structure of liquids and amorphous solids. Following the ideas of 
Piins and Debye (16, 17, 49, 64, 90) a number of investigators have satis¬ 
factorily cleared up the structure of the liquid state by measuring the 
scat^red x-ray radiation under different deviation angles (47, 49, 56, 64, 
78, m, 88, 91, 99,102, 103,104,106,108). 

White crystals give the well-known sharp spot- or ring-diagrams, which 
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indioaie a high-mok'cular order in the samplers investigated, licpiids give 
diffused rings which show roughly that there is a certain order inside tin* 
investigated material but that it is distinctly inferior to the degree of 
orientation in crystals. But it turned out that tlu^ angular distribution 
of th(* scatten‘d intensity furnished enough information to i)aint a pictun* 
of the molecular arrang(‘m(Mit of liquids. From 1h(‘ point of view of (‘xp(‘ri- 
mental method, it was nec(‘ssary to follow lh(‘ whole inlensity curve point 
by point and not to confine th(‘ measurements to tla* deviation angle of th(‘ 
intensive p(‘aks. Hence tln^ study of the liquids means to nu^asure and 
discuss carefully and (piantitativcdy the intensity of the diffused scattered 
radiation and not merely the deviation angles of the interference* spots 
(16, 17, 90, 91). 

If one attempts to apply this in(*thod to the* diagrams of cellulose* fibers, 
the first eiue'stion will be* whe*th(‘r (‘iiough diffused radiatie)n e*an be* e)i)servt*d 
to indie*ate that amorphous portions e)f e*e)nsiderable‘ ])erce‘ntag(‘ are* present. 

A first and rough orientation abenit the proble*m in epiestie)n show(*d that, 
in fact, practie‘ally all x-ray diagrams e)f natural and synthetic fillers show 
e‘onsiderable blackening of the backgremnd even he'll erne works with 
e*arefully filtered radiation and excludes altoge'the*!* the* se*attering from othe*r 
solid or gase^eius mate*rial. This fact encouraged us tei feillow the* way just 
br’iefly enitlined here and to put foiwvai’d for the inve'stigation the* following 
(lue'stions: (/) Heiw' large is the ame)i'])he)us aineiunt in differe'ut fibe'i-s? 
(^) Can its pe*i‘e*entage' be change'd by m(*chanical or e*he*inical tre'atment? 

What ele) the* diagi*ams sheiw about the structure* of the* ameiiphems 
portions? We shall consider these three eiuestions se*])aiately: 

(/) Figure 2 shows the* diagi*ams of three* e*e*llule)sie* sampl(*s, hemp, 
I’amie*, and a highly stretclu'd vi.scose* rayon yai’ii. In all three case's the* 
same* amount of matter (in grams) has b(*en iri’adiate*d with filte*ied r*adia- 
tiem. In fact, it can be s(*(*n epiite cl(*arly that the intensity eif the* inter- 
fe‘rx*nc(* spots is prae*(ically identical. Yet the* ameiunt eif eliffuse* se*attered 
radiation is entirely differx'rit, A similar effect is giv(*n in figure 3. Figui’e* 
3a shows a fiber s])un fr-oni a viscose* solution unde*r (*e*rtain stre*te*hing 
de*vie*(*s. One* s(*e*s a clear fibe*r diagram but obse*rve‘s at the* same* time* an 
appre*e*iable amount eif diffuse* scattere'ei I’adiation. If the* fiber is sweilleii 
and extended about 60 pe*r ce*nt, it give*s the* diagr'am shown in figure* 3b. 
One observe*s that the* orientation of cr-y.stallize*el ])ortioris eif the filame*nt 
has slightly improve*d and at the same time the gener*al bae*kgre)und eif the* 
picture* has decrease*d. If erne str(*te*he*s again to abemt 120 pe'r e*e*nt 
elongatiein erne ge*ts the diagram in figur*(* 3e*, which sheiws anothe'r ine'ie'ase* 
e)f the intensity of the interference* spots and a decre*ase eif the gerK*ral blae*k- 
ening of the picture. 

Another set of diagr*ams is shown in figure 4. A thre'ael eif e*e*llule)se* 
hydrate* w^as pheiteigraplu'd (a), then exteude*d in the* swollen state and 
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again photographed, after drying (b). One observes that the stretching 
increases slightly the orientation of the micellae and at th(» same time 
de(;reases \'(‘ry distinctly the gcmeral background of th(' diagram. The 
two other diagrams (c and d) show the same effe(^l> for ethylcellulos(‘. 
This b(‘havior reminds one ^Try much of the well-known i)henomenon 



Jio. 2. X-ray diajcrams of (a) a raw native hemp fiber, (b) a filament of refined 
native ramie, and (e) a liighly oriented viseose rayon yarn. 

which one g(‘ts when strc'tching rubber. As T. R. Katz (14, 45, 82) first 
observ^ed, unstretched rubber gives the diagram of a licpiid, whik* stref chi'd 
rubber gives a distinct fiber diagram. 

Figure 5a shows the monochromatic x-ray diagrams of unstretched 
rubber. Figure 5b repres(*nts a partially streteh(‘d sampl(‘, which shows 
very clearly the interfereiure spots and at the same timt' the amorphous 
halo. Figure 5c was obtained from very much stretched rubber, while 
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the sami)lo togc'ther wiili tli(‘ slit was rotated around tlu^ iiieideiit Ix'am. 
One obtains a normal crystal powd(‘r diagram. 

In th(‘ cas(» of native' cellulose' it is ne)t ])e)ssil)le' to swell a fiber se) much 
with water that it ele)e's not give' any interference s|)e)ts at all, Imt if e)ne’ 
ap))lie's stre)nge'r swelling age'iits. sue*h as i)he)s])horie* ax*id, cal(‘ium rhoda- 



Fkj. II X-ray diiigraiiis of (a) a fiber spun from a vise*j)S(' solution unde'r ce'rtain 
strede'liing d(‘vie*('s, (b) a swollen fiber e\teiid(*d about 00 per ecuit, and (e) a filler 
stretehed to about JOO jx'r cent e'loiiKation. 

nide, e)r eiuaternary ammonium base's, erne* e*an (‘e)nvert the' fibe'r eliagram 
lU’actically into the diagram e)f a liepiiel. 

Figure 6a shows a picture e)f the' .\-ray diagram e)f liepiid wate'r. Figure' 
fib is a diagram e)f a highly swollen cellule)se' filament which can be' stre'tched 
and furnishes afte'r the' swe'lling the' fibe'r diagrams shown in figure's 
fie* and fid. 

All the'se expe'riments show us that beneath the' crystallize'd portions 
each ct'llule)se' filament contains an appivciable amount of ame)rph()us, or 
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at least badly orionted, material. To estimate this amount careful in¬ 
tensity nK^asurernents must be carried out. It has already been mentioned 
that we hav(' a rather compkde knowledge of the cellulose lattice, owing 
to the r(»c(‘nt work of G. L. (Uark and his collaborators (29, 93, 100). This 
enablt's us to constru(‘l, an ideal diagram of a fiber which consists of up to 



Fig. 4. X-ray diagrams of (a) a thread of cellulose hydrate, (b) the sain(‘ after 
swelling and drying, (c) a thread of ethylcellulose before stretching, and (d) a thread 
of ethylcellulose after stretching. 


100 i)er cent of CTystallizcid cellulose. For tills purpose we have to combine 
the different factors which together build up the intensity of an x-ray 
diagram. 

Figure 7 shows how this has to be done in the (^ase of cellulose. Figure 
7a gives th(* intensities of t h(‘ different reflections listed in tabh* 1. Tlu* 
deviation angles an* taken from the (cellulose model which was njcently 
and finally proved by G. L. ('lark, and all intensity factors, -namely, 
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the Lorontz, Deby(‘, polarization, and frequency factors. Figure 7b shows 
the atomic form factor, wdiich for the present (*ase was take'ii as an average* 
betwe(*n the valuers of this factor for oxygen and for carbon. 

The sup(‘rposition of the t wo parts of figure 7 gi\'(*s what we* could call 
the ‘Theoretical diagram of ideal crystalliz(‘d cellulose.'’ It is shown in 
figure* 8b, while* figure* 8a give*s the inte*nsity distributie)n which e)n(* gets 
e*xpe*nmentally. The difference betwe*en the two can be se*e*n ve*ry cle*arly. 



Fi(i. 5. M(MU)ohrom:iti(* \-ray diagrams of (a) unstrotch(‘d ruhlxT, (h) a partially 
stretched rubber, and (e) a liighly stretched rubber. 

There is much me)re diffuse* scattere*d radiation in the actual sample* than 
in the ideal diagram. The same effe*ct is shown in figure 9, t\ here* e)ne* se*e*s 
the original photoregistration curve of a native cellulose* fiber. One* 
observes distinctly the high amount of diffuse scattered radiation in the* 
imme*diate neighborhewd of the dirc'ct x-ray beam. The evaluatieui of 
the\se diagrams leaels to the* e*onclusion that in all nattiral and artificial 
cellulose filaments an ai)preciable amount of the* te)tal matte*r is present not 
in crystallized but in a more or less amorphous form. 
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(2) During th(»se stAidiess it turned out that in a normally settled viscose 
filament only about 40 per cent of the fiber is crystallized and 60 per cent 
amorphous, while at the end of the stretching about 70 per cent is crystal¬ 
lized and the rest amorphous. This shows us that even in tlu^ case of 
api)arent]y good x-ray diagrams a larger amount of the material whi(‘h 
forms a samph' is not in its crystallized state. 



Fk;. 6. X-ray diagrams of (a) liquid water, (b) a highly swollen eelliilose filament, 
and (e) and (d) the highly swollen eellulose filament after stretehi?ig. 

At th(‘ same time these experiments show t.hat a c(*llulos(* thread und(*r- 
go<\s a similar proc(»ss during stretching to that which a rubb(*r samph* 
does. It suffers a partial conversion of the amorphous state* into the 
crystallized. Of course, this change is not as reversible as with rubber 
and very much l(*ss pronouiKH'd, but it was obs(*rv(*d by several authors 
(27, 36, 37, 38, 52, 53, 54, 67, 97, 98) and then* can be no doubt that 
inochani(;al and chemical tr(*atm(*nt changes the* relative* ame)unts of the* 
crystallized and amorphous part in a cellulose sample. This e*ffe*ct appears 
to a greater degree in cellubsc derivatives than in e*ellule)se itself, appar- 







774 


H. MARK 


ently owing to the fact that the forces betw^eeri the main-valence chains 
are not. so strong when the hydroxyl groups are covered by esterification. 

The increased strength of an oriented fiber and its improved water 
resistance may be due to a certain extent to this shift from the amorphous, 
easily swelling amount, toward the more rigid crystallizcid portion. 




a b 

Fig. 8 . (a) Kxperiniental inlensit}"distribution: (b) superposition of fiKuros 7a and 7b 



Fig. 9. Original photoregistration curve of a native cellulose fiber 


(3) To get some information on the structure of this arnorjihous fiber 
portion w(» have to look at the intensity distribution whi(*h n^mains when 
we subtract from the total intensity the crystallized scattered radiation. 
Then we have to evaluate^ this residual diagram in the same way as one 
evaluates the diagrams of licpuds built up of long-chain molecules. If one 
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does this, one finds that the chains in the amorphous portions do not lie 
around entirely unordered but form bundles approximately parallel to the 
fiber axis which give rise to no shaip interference spots because the chains 
are not oriented enough. We can compare the crystallized micellae and 
the non-crystallized portions if we consider a bundle of well-shaped pencils 
on one side and a bundle of shapeless tree branches on the other. In both 
cases we have rod-like longish sticks, but in the former case they fit per¬ 
fectly together and build up a regular building, while in the latter they give 
just a rough c>onstruction full of holes and intermediate spaces. 

If we generalize this point of view we may say that the mechanical 
behavior of a substance which is built up from long-chain molecules is 
determined by two different tendencies of the chains: (1) the tendency of 
crystallization under the influence of molecular forces, and (£) the tendency 
of the kinetic (statistical) rolling or curling up of the main-valence chains. 
If the chains are relatively stiff and the forces between them large, then 
the first tendency predominates and one gets rigid, strong, and inelastic 
fibers. Hemp, silk, and the so-called Lilienfeld rayon approach this ex¬ 
treme case to a certain extent. When, on the other hand, the chains are 
very flexible and their mutual forces small, the statistical effect of entan¬ 
gling predominates and one gets soft materials with high rubberdike elasticity 
and peculiar thermoelastic properties. Representative of such substances 
are natural rubber and chain-like polymerization products of hydrocarbons, 
such as Vistanex or other polyisobutylenes. 

It seems that all intermediate stages between these two extreme cases 
are realized in nature and can be obtained technically. If one wants, for 
instance, to get a sample of stiffer, less elastic, and stronger rubber, one 
can cither just stretch it and produce rubber crystals or one can incor¬ 
porate into the unstretched material certain crystallized fillers such as 
carbon black and zinc oxide. In both cases a certain amount of crystal¬ 
lized material is formed in the sample, wdiich shifts the properties of the 
resulting fiber toward the first case. 

The information which x-ray analysis gives about the ratio of crystal¬ 
lized and amorphous matter in cellulose fibers shows that one can compare a 
cellulose fiber in certain respects to a rubber sample filled with carbon black 
or zinc oxide. The cellulose micellae represent the crystallized particles 
in the rubber and are the stiff and rigid part of the construction. The 
amorphous intermicellar amounts, on the other hand, contain a certain 
rubber-like elasticity, owing to the fact that these parts of the main- 
valence chains are more or less flexible and hence give rise to a certain 
amount of statistical elasticity of long flexible chain molecules (30, 31, 
(57, 71, 72, 73, 74, 75, 79, 86,107). The tenacity and strength are located 
in the crystals; the elasticity and extensibility in the amorphous portions. 

Although this picture has a certain amount of probabilities in itself, one 
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must be extremely euspicious of any assumption which is not proven experi¬ 
mentally, and hence every possible way to check the ideas just brought 
forward must be welcomed and looked into. 

One consequence of the picture just developed is the fact that the amor¬ 
phous portions of a cellulosic fiber should have a higher energy content than 
the crystallized ones. They may be regarded as being highly distorted 
cr 3 ^tallized lattices in which the single atoms are shifted to a considerable 
degree out of their normal equilibrium positions. It has been shown by 
several investigators that lattice distortions can be experimentally detected 
by anomalous x-ray intensities and by anomalous heats of combustion 
(12,23, 24, 25,26,33, 34, 64). As an example, some measurements carried 
out by Fricke and his collaborators are shown in table 2. They investi¬ 
gated two kinds of iron powder, one having normal properties and the 
other being in a very unstable state. Table 2 shows that the heat of 

TABLE 2 


Energy content and x-ray intensity of iron powder 



PTBOPBOBIC 
IBON POWDBR 

MOBMAL 

IBOH POWDBB 

Heat of combustion, in kg-cal. per mole .| 

23.72 

23.73 

22.29 

22.40 

f 

241 

247 

Intensity of the reflectories 110, 211, and 220.s 

252 

297 

1 

238 

321 

Average shift of atoms from equilibrium position, J 
in A. 1 

0.050 

0.089 

0.032 

‘ 0.039 

i 


combustion of the unstable, pyrophoric iron powder is considerably higher 
than that of the normal one and that the intensities of the x-ray reflections 
are smaller in the case of the distorted lattices than in the case of the 
undistorted. Table 3 shows some measurements which have been carried 
out in the course of the present investigations. The heat of combustion 
of several cellulosic fibers has been measured in a highly sensitive combus¬ 
tion calorimeter. One sees that native cellulose and unstretched viscose 
thread have heats of combustion of about 4200 calories per gram. Stretch¬ 
ing in the swollen state decreases this value to 4186, this being distinctly 
outside the limits of error which the method includes. This result indi¬ 
cates that the increase of crystallized portions which is created during the 
stretching is due to the fact that the forces between the chains bring the 
different atoms in positions of their minimum potential energy. It is 
very interesting to see that stretching in the dry or insufficiently swollen 
state produces the reverse effect. This is due to the fact that such stretch- 
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ing does not influence the orientation of the molecules (as x-ray diagrams 
show) but apparently creates a number of fine slits and crevasses in the 
fiber, which loosen up the inner structure and as a consequence give an 
increase of the heat of combustion. In this way the calorimeter measure¬ 
ments corroborate the results of the x-ray analysis, and support our view 
of the r61e which the amorphous portions of the fiber are playing. 

J5. The introduction of minute crystals in the intermicellar spaces and their 

observation with x-rays 

The x-ray method gives us another possibility of measuring the size and 
shape of the crystallized areas by observing the angular width of the x-ray 
interference spots. Already ten years ago this method was applied (12, 13, 
34, 35, 39, 41, 58, 82, 95) and the following results were obtained: Native 
and regenerated cellulose is built up of micellae which have an average 

TABLE 3 

Energy content and diffuse scattered radiation of some cellulose samples 


1 

CKLLULOaC 1 

1 

HKAT OF 
GOlfBUSTION 

XNTXNSITT RATIO 
BBTWKBN 
RBGULARLT AND 
DIFFUBB BCAT- 
TBRBD RADIATION 

Native cellulose (ramie fiber) 

j caloriea per ffram 

; 4200 ± 6 

1 

Llnstretched cellulose filament from viscose 

i 4205 d: 7 

0.42 

Cellulose filament from viscose stretched 50 per 



cent in swollen state . . 

i 4192 dr 5 

0.61 

Cellulose filament from viscose stretched 100 per 

! 


cent in swollen state 

i 4186 rb 6 

0.74 

CMlulose filament from viscose stretched 50 per 

1 

1 


cent in dry state 

1 4238 ± 4 

0.48 


width of around 50 A. and which are longer than about 600 A. Similar 
observations could be made with rubber and other high-polymeric 
substances. 

Recently an independent possibility of determining the average width 
of crystallized portions was worked out (22, 52, 54, 68) on the following 
basis: The larger the spacings (d) of a lattice, the smaller will be the 
angle (i?) under which a c(?rtain x-ray wave length is reflected. The well- 
known reflection law of Bragg 

nX 2 d sin ^ 

X = wave length of x-rays applied 

shows very clearly that the lattice constant d and the sine of the deviation 
angle t? are inverse to each other. lattices with large meshes give small 
patterns, lattices with small meshes large ones. 

In a filament which is built up of highly orientated longish micellae this 
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over-moleculai" structure builds up something like an irregular lattice, 
the average constant of which would be the breadth of the crystallized 
areas. As this width is of the order of magnitude of 50 A., this lattice is a 
very coarse one and hence the interference pattern which it produces will 
appear in the immediate neighborhood of the primary beam. It was 
therefore attractive to study the intensity distribution of fiber diagrams 
in the very neighborhood of the direct x-ray beam and to see whether this 
intensity indicates some scattering due to an over-lattice built up by the 
micellular structure in the fiber. An easy calculation shows that the maxi¬ 
mum of intensity has to be expected at a deviation angle of about 1®. 
Already the first orientation showed that, in fact, the intensity distribution 
of cellulose diagrams in the immediate neighborhood of the direct beam 
shows the appearance of a more or less strong blackening, which indi(;ates 
the existence of a structure as just discussed. 

One can increase this effect very distinctly if one adopts an idea which 
was first used by Frey-Wyssling during his investigations of the morpho¬ 
logical structure of natural fibers (21, 22). This is the introduction of 
minute crystals of heavy metals in the interior of the fiber. If one impreg¬ 
nates a filament with a solution of gold or platinum salts and then pre¬ 
cipitates the metal in a suitable form the crystal x-ray diagram of the 
cellulose is not changed. This means that the heavy metal atoms are not 
able to penetrate the highly oriented and tightly packed inner micellar 
spaces, but that they were just deposited between the micellae. It is 
easy to understand that the presence of thin layers of particles of high 
atomic weight increases the scattering power of these intermolecular lamel¬ 
lae and hence reinforces the diffraction scattering effect of the over-lattice 
which we have just visualized. 

As a matter of fact, careful intensity measurements of scattered radiation 
near the primary beam carried out by O. Kratky (52, 54) show that the 
incorporation of heavy metals gives a very remarkable additional scatter¬ 
ing under small deviation angles, which can not be reasonably explained 
unless we assume that the heavy metal is distributed in fine lamellar 
sheets with an average distance of about 50 A. from each other. This 
would be easily understood if we assume that the micellae exhibit this aver¬ 
age width when they are oriented parallel to the axis of the fiber. Figure 
10 shows the intensity distribution in the immediate neighborhood of the 
primary beam. It exhibits a broad maximum at an angle of deviation of 
about 1^ 

We may say that this independent method leads to the same results as 
the direct measurement of the micellar dimensions and authorizes us to 
trust to a certain extent to the picture of long-shaped crystallized micellae 
which are more or less combined by amorphous interspaces. 

Another possibility of getting further information regarding the inter- 
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micellar hole and tube spaces in a fiber was shown by Frey-Wyssling 
(21, 22) following the deposition of small crystals in the intermicellar 
spaces. These minute particles of gold or platinum fill in these spaces to 



Fig, 11 Fig. 12 


Fig. 10, Intensity distribution in the immediate neighborhood of the primary beam 
Fiq. 11. The lines represent the crystals; the dots show the amorphous areas 
Fig. 12. Main-valence chains going through more than one micella 

a more or less complete degree and exhibit in this way something like a 
negative of the fiber, the study of which may contribute to the knowledge 
of the over-molecular and over-micellar structure of natural and artificial 
threads. 

Earlier work of B5hm, Berkmaun, and Zocher (9) was continued during 
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the last few years by Frey-Wyssling, Kratky, Mark, and Schossberger 
(2l, 22, 53, 105) and yielded the following results: If one impregnates 
ramie with gold, silver, or platinum crystals one finds that a certain part 
of them may still be observed in the ultramicroscope. They are of a 
longish shape and lie parallel to the fiber axis. Their mutual distance 
is of the order of magnitude of the wave length of light, that is, about 
6000 A. These large particles seem to be secondary particles composed 
of more minute crystals, which can be detected by observing the width of 
the interferences given by the incorporated metal. The primary crystals 
are of about spherical shape with average diameter around 100 A. Fig¬ 
ure 11 gives a picture of these results and shows that we have to assume a 
rather coarse system of wide slits and holes. The diameter as well as the 
mutual distance of these holes is on the average about one hundredfold the 
width of the single micellae. These large holes seem to be of the shape 
of a lens with a diameter of about 200 A. and a length of about 1000 A. 

Kratky and Frey-Wyssling (21, 22, 52, 54) point out that these hollow 
spaces in the fibers may play an important rdle in a biological as well as 
in a technical respect, but it must be pointed out that as far as our present 
knowledge goes there is no indication of strict rules regarding their shape 
and relative position. It seems, moreover, that these depend to a very 
high degree on the type of fiber which one is investigating and very much 
more of them are, for instance, observable in a non-oriented rayon thread 
than in an oriented one. Also, the average size and shape of the minute 
metal crystals inside the fiber depend to a high degree on the nature of 
the investigated filament. We are far from having enough evidence to 
understand the formation of this coarse structure of a thread and to link 
it with the production of the investigated sample, but we may assume 
that such large holes are certainly present and that they may play an 
important rdle regarding the behavior of the fibers, and there is good reason 
for the hope of getting more information about them by applying more 
carefully the methods which have just been described. 

III. MAIN-VALENCE CHAINS AND MICELLAE 

The methods described, together with the determinatio:^ of end groups, 
studies with the ultracentrifuge, and osmotic and viscosity measurements, 
have pointed to the conclusion that the principal valence chains in native 
cellulose reach a degree of polymerization of at least 2000. If the chains 
are assumed to be stiff, they would have a length of 1.5 m and a diameter^ 
of about 7 A. (3, 10,11, 29, 82,100). If they are considered to be wound 
into a ball, the diameter of same would be about 100 A. It has been well 
established experimentally that most technical treatments of native oellu- 

* This means that their length would be about two thousand times their diameter. 
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lose cause a certain amount of degradation. Several different investigators 
agree that in the precipitated material of technical threads and films con¬ 
sisting of cellulose, the degree of polymerization lies between 160 and 500. 

A rough classification can be established so that it may be stated that 
samples which consist mainly of chains with a degree of polymerization of 
less than 200 may be expected to show rather poor technical properties, 
such as tenacity, elasticity, and pliability. An increasing degree of poly¬ 
merization is accompanied by rapid improvement in the quality, until at a 
chain length above 300 there seems to be no further direct influence on the 
tensile strength of the material. In order to explain these observations 
more fully, it is useful first to consider the cellulose sample as built up from 
chains of infinite length into an ideal material. In order to tear this fiber 
or film, it is necessary to rupture all the single chains contained in a given 
cross section. It is possible to estimate the energy required to do this, if 
the tensile strength of the principal valence bond is known. 

The modulus so calculated is 800 kg. per square millimeter. It is an 
interesting fact that Meyer and Lotmar (80, 82) have measured very care¬ 
fully the modulus of elasticity for different fibers and have actually found 
several specimens which gave values corresponding very closely to the 
figures for an ideal sample of infinite chain length. It is not quite easy to 
understand why chains of finite length should have properties so closely 
in agreement with an ideal (jellulose built up of infinitely long molecules. 
Every chain in the real sample must have an end somewhere and ob¬ 
viously this point should be a potentially weak spot where a break may take 
place without a rupture of the primary-valence chain itself. 

This paradoxical situation is explained diagrammatically in figure 12 (52). 
Considering the two molecule ends, A and A', it is apparent that if they are 
not inside of a crystallized region in the material, under the influence of a 
stress, they might be separated from each other quite easily, inasmuch as 
they are held together only by weak intermolecular forces. The work 
required to separate them would be small, and consequently the tensile 
strength of the sample should be low. On the other hand, when the ends 
of the two molecules lie inside of a crystallized region of one micella, then 
they are kept in their positions not only by the forces between A and A', 
but also in addition by the van der Waals' forces along the two lengths AB 
and A'B'. In order to separate the two molecules, it is necessary to pull 
them out of the lattice and to overcome all the forces along the length 
with which they are held inside of the crystallized region. If the parts 
of the main-valence chains which belong to the micella are long enough, 
then the total energy required to pull them out of this range will be great, 
because the two ends of the chains are entirely concealed in the center 
of the micella and do not form on this account a potentially weak spot for 
the rupture of the filament. The line of chains which is designated in 
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figure 12 by small crosses behaves, therefore, like a single main*valence 
chain of infinite length, just as Meyer and Lotmar (80) have discovered 
in their investigation. These crystallized regions in the total structure 
have the effect of strengthening the fibers by covering up the chain ends 
inside of the solid structure. In this way, the micellae in the cellulose 
may play a r6Ie similar to that of carbon black particles in rubber, which 
pick up the loose ends of the rubber hydrocarbon chains on their surfaces 
and thus fortify the structure, which might otherwise be potentially very 
weak. 

The structure depicted in figure 12 is in a sense, therefore, a combination 
of the two extreme points of view above described as the extreme micellar 
and the extreme chain structures. According to this working hypothe¬ 
sis, there are crystallized ranges but they are not clearly separated 
from each other by a distinct micellar surface. The chains are of consid¬ 
erable length, and hence pass through several micellae and cement them 
together. This picture indicates that with increasing chain lengths the 
probability of finding the chain ends inside of one crystallized region or 
another increases, and at the same time the length of the track along 
which one chain must be pulled in order to separate it from its neighbors 
also increases. This may, at least in a qualitative way, explain the above- 
mentioned relationship between chain length and tenacity: namely, that 
above a certain degree of polymerization the chain length no longer has a 
measurable influence on the tensile strength. The chain ends are dis¬ 
tributed at random in the micellae and their effect m producing potentially 
weak spots is rendered negligible by the crystallizing forces. It is clear 
that if the length of the chains approaches the length of micellae, it will 
frequently occur that the end of a chain will coincide with the end of a 
micella, with the result that the tensile strength of the sample will be 
determined by the weak secondary-valence forces. 

It may now be concluded that the crystallized portions of the material 
are the reinforcing backbone of the structure, whije the unordered regions 
may be regarded as the weak spots. If a film is soaked in water, the x-ray 
evidence shows that there is no change in the crystallized regions and that 
the water j)enetrates only the amorphous material which is built up by the 
fringes of the micellae (28). If chain ends occur, as they frequently do, in 
these swollen areas, then tensile strength will be a very sensitive function 
of swelling. The wet strength of cellulose fibers depends, therefore, to a 
large degree upon the average length of the chains, for the longer the chains 
are, the larger the amount of crystallized material and the smaller the 
chance of chain ends occurring in the unordered network of the fringes. 
From this point of view, instead of distinguishing between intermicellar and 
intramicellar swelling, it is better to speak of entrance of water into the 
fringes or into the crystallized regions or micellae themselves (21, 22, 28, 
62, 64, 68.) 
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This (*c)ne(‘ptiou of cellulose ^tructure indicates that tlu' physical proper¬ 
ties—iviVAvWy, elasticity, etc., are functionally related to the amount of 
crystalline material, while the reaHivUy oi the fiber, -swellinp;, drying, eas(' 
of chemical n'actions, etc., - is to be associated with the amorphous parts. 
The relativ('- frcKpuincy and the length of the mici'llac^ depend upon th(' 
average* chain length; heucc this in turn determines in large measure both 
physi(*al and (*h(‘mical pro])(M*ties. 

In order to understand the* mechanical behavior of systems of high moh'c- 
ular weight, it is not sufficieait to be^lievc* that more or less (‘xtended and 
lightly constructed (‘longated particles are present. Xor is it suflicient 
to jissumt* that homogen(‘ously dispersed long-chain molecul(‘S undergo the* 
flow of ])lasti(* d(*formation. It is necessary to visualize a mixture of hath^ 
a combination of crystallized ranges with many (*hain ends em(‘rging from 
th(‘ir surface* so that they an* imbedd(‘d in an ainor])hous movable medium 
formed by the flexible fringes. 

The* total b(*havior of the .system is influenced by the following: (a) the* 
relative* amounts e)f crystallized and amorphous fraction.^; (h) the ratio 
betwe'(*n the* average* length eif the* main-valence ediains and the average* 
h'ligth e)f the e*rystallized ivgions; and (c) the flexibility of the fringe's anel 
their sensitivity to swelling and e*hemical reactiems. 

IV. SUMMARY 

To summarize* briefly the* present ideas abemt the strue*ture e>f a e*ellule)sic 
liber, figure 13 may serve as a rough illustration. This figure is drawn with 
the assumptiein that we weiuld have at our disposal a microscope, the* 
ainplificatiein e)f which e*ould be changed step by step, always increasing 
In' a factor e)f 10, to the peiint where 1 A. would be 1 cin.^ 

When we first look at the fiber with the highest amplificatiem wo have* at 
our dispeisal, we get the* first picture of figure 13. In this we see the atoms 
and the gluceise unit as the* last chemical element of the inve*stigated mate*- 
rial. Now we switch to the next amplification, which is ten times le*ss, 
anel nmans that 1 m^u (or 10 A.) is equal to the le*ngth of 1 cm. In this 
picture* we see the* e*le*inentary (*ell of the cclluleisic crystals and the main- 
valen(*e chains which form the* backbone of the fiber structure. The next 
switch brings us an amplifie*ation of 1 to 1,(X)0,000, 1 cm. in the picture* 
being 100 .\. in the fiber. We now sec the e*rystallized portions of the fibe*r, 
the mie*e*llae, and betwe'cn them the amorphous parts which we have 
e'spee*ially discussed in this papen*. Another decrease of the amplificatiein 
e)f our mie*reiscopc give's us the fourth picture. Here we have the network 
of crystallizc'd portions (parallel lines) b(*ing combined and linke'd together 
by the flexible* amorphous regiems (circles). We see alse) that irregular 
he)le\s are prese*nt, the* same as have been described on the pre\'ious pages. 

® This moans an aniplificatien ot from 1 to 100 million. 
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Up to now WO have been far outside of the region of a microscope operat¬ 
ing with visible light and hav(‘ confined ourselves to the region of x-ra^^s. 
The next picture with amplification of 10,000 shows us those' structural 
units which are at the utmost range of the microscoj^ic techniepie, the fibrils 





Fig. 13. Structure of a cellulosic fiber. 1, Kiucose unit, white circles — carbon 
atoms; other circles == oxygen atoms. 2, elementary cell; glucose chains. 3, micel¬ 
lae and amorphous areas. 4, network of crystallized and amorphous regions. 5, 
fibrillar structure. 6, single fiber. 7, group of fibers. 8, singh* yarn t), skein of 
rayon yarn. 


on which considerable important work has been done in recent years 
(3, 4, 5, 6, 7, 18, 19, 20, 21, 22, 92, 96, 97, 98). 

Again another step toward smaller amplification shows us a single 
cotton fiber with its characteristic cell-wall structure. We have now 
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reached an amplification of 1 to 1000 and are well inside the region of 
microscopical visibility. Hence the next two pictures give us information 
on the rough structure of the single fibers and the yarn, revealing inhomo¬ 
geneities in cross sections and diameter. Finally, the last picture shows 
the normal aspect of a yarn without any microscopical aid. 

We may be authorized to say that the above picture of a cellulosic fiber 
seems to be not too far from the truth and that it can be regarded at least 
as a reasonable starting point for further and better work. 

It is a pleasant duty for me to express my sincercst gratitude to Dr. 
C. B. Thorne, Technical Director, and to Mr. S. Wang, Manager of Lab¬ 
oratories, of the Canadian International Paper Company, who have been 
so kind as to enable me to present this paper. 
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It is generally recognized that the protein adsorbed on the rubber par¬ 
ticles in Hevea latex plays a predominant r61e in connection with stability 
and coagulation phenomena. Although the function of proteins as pro¬ 
tective substances in colloidal dispersions is well known, very little exact 
information is available regarding the mechanism of their protective 
action. 

Diiferent latices containing protein have been found to differ markedly 
in colloidal stability. For example, Hevea latex is coagulated by the addi¬ 
tion of protein coagulants, whereas Balata {Mimusops globosa) and Fim- 
tumia elasHca latices also contain protein but are not coagulated by the 
addition of electrolytes or acids. On the other hand, latex from the 
Manihot glaciovii behaves towards coagulants like latex from the Hevea. 

One might postulate that the proteins present in Hevea and Manihot 
latices differ from those in Balata or Funtumia, or that other substances 
are present in the more stable latices which offer additional protective 
action. In this connection Daniel, Freundlich, and Sdllner (4) and Kemp 
(7) have recognized protective substances in Abiurana and Balata latices 
which when added to Hevea latex prevent its coagulation with acids or 
salts. Latex from the Ficus elastica behaves differently from the other 
latices above mentioned. It gives a negative test for protein and is 
flocculated but not coagulated with acids and salts. 

The influence of crystalloidal serum substances in aiding coagulation was 
discussed by Henri (6) in his classical investigations of Hevea latex. He 

* Presented before the Division of Colloid Chemistry at the Ninety-eighth Meet¬ 
ing of the American Chemical Society, held in Boston, Massachusetts, September 
11-15, 1939. 



COLIiOIDAL BEHAVIOR OP HEVEA LATEX 


789 


found that diluted ammonia-preserved latex which had been exhaustively 
dialyzed flocculated but did not readily coagulate upon addition of acids 
or alcohol. Dekker (5) also noted that the coagulation of dialyzed latex 
with acids was incomplete. On the other hand, Beadle and Stevens (1), 
Stevens and Rowe (15), and Noble (9) all observed that ammonia-preserved 
latex reacted normally towards acid after dialysis. 

Henri (6) showed that the latex particles in dialyzed latex are negatively 
charged and coagulate upon the addition of various metal salts. He also 
showed in a qualitative manner that the addition of various salts to di¬ 
alyzed latex increases its tendency to coagulate upon addition of alcohol. 

The present investigation was undertaken to show the effect of electro¬ 
lytes on the colloidal stability of latex in a quantitative manner and to 
relate these findings with the stability characteristics of separate protein 
fractions contained in the latex. In this way it was hoped that the mechan¬ 
ism of coagulation and the fundamental factors effecting latex stabiliza¬ 
tion could be more completely elucidated. 

In this investigation direct recourse w’as had to fresh latex from the 
Hevea and other species through the courtesy of the Division of Plant 
Exploration and Introduction, Bureau of Plant Industry, of the U. S. 
Department of Agriculture, which maintains a garden tract near Coconut 
Grove, Florida, containing various rubber-bearing trees and shrubs. 

ISOLATION AND IDENTIFICATION OF PROTEINS IN LATEX 

Bishop (2) isolated three protein fractions from fresh latex serum ob¬ 
tained by freezing the latex to coagulate and separate the rubber particles. 
Protein A was separated hy adding acetic acid to adjust the serum to a 
pH of 4.5. Protein B was isolated by saturating the filtrate from protein 
A with sodium chloride, and protein C was precipitated by heating the 
saturated sodium chloride solution on the steam bath. Bendy and 
Frcundlich (3) separated two protein fractions, designated A and B, from 
centrifuged and filtered ammonia-preserved latex serum by addition of 
ammonium sulfate. 

In the present investigation the Bondj’^ and Frcundlich procedure was 
followed, except that the latex was filtered through filter cel on filter paper 
in a Buchner funnel. A special technique was employed which made it 
possible to filter either undiluted ammonia-preserved or fresh latex without 
recourse to the use of a centrifuge. The filtered serum was dialyzed against 
distilled water, using a cellophane membrane to remove coloring matter 
and crystalloids before precipitating the proteins. 

Separation of protein A 

Saturated ammonium sulfate solution was added with stirring to an 
equal volume of the dialyzed serum at a pH of 6.5. After 2 hr. precipita¬ 
tion was complete and the supernatant liquor was decanted. The pre- 
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cipitate was dissolved on the filter in dilute ammonia water of pH 8.5 and 
reprecipitated twice. The material was then dissolved in dilute ammonia 
water, dialyzed simply for 48 hr. in the presence of toluene, and electro- 
dialyzed under a potential gradient of 36 volts per centimeter for 8 hr. 
During this time the proteinic material precipitated as a light brown 
flocculent precipitate which settled to the bottom of the cell. Precipitating 
apparently was complete, as the supernatant liquid gave a negative 
biuret reaction. 


Separation of protein B 

The filtrate from protein A w'as saturated with ammonium sulfate at 
room temperature. The precipitation was complete after 48 hr., and the 
light brown precipitate was redissolved on the filter in a dilute ammonium 
sulfate solution and reprecipitated twice. Final purification was ac¬ 
complished through simple dialysis and electrodialysis. Electrodialysis 
brought about the precipitation of protein B, as was the case with pro¬ 
tein A. 


Separation of protein C 

The filtrate from protein B was subjected to simple dialysis until prac¬ 
tically free of ammonium sulfate. It was then heated on the steam bath; 
when the temperature reached 60°G. precipitation took place and was 
practically complete within 20 min. 

It was considered possible that protein C was a heat-denatured product 
of protein B which had not been removed by the salting-out process. In 
order that this doubt might be removed, separate aqueous solutions of 
proteins A and B with a minimum of salt present were prepared. When 
these solutions were heated to 60®C. and maintained at that temperature 
for some time, precipitation did not take place. Furthermore, aqueous 
solutions of protein C did not show evidence of precipitation after long 
periods of dialysis, as did proteins A and B. There was also a difference 
in the stability of the unprotected protein hydrosols towards bacteria. 
Protein B hydrosol was strongly attacked by bacteria within 24 hr., while 
hydrosols of proteins A and C were not attacked for several days. 

Identification of proteins 

The protein fractions were freed from electrolytes by electrodialysis as 
was done by Bondy and Freundlich. Bishop, on the other hand, simply 
dialyzed proteins A and B and washed protein C in warm water. The 
nitrogen contents of these protein fractions found by different investigators 
are given in table 1. It is seen that agreement is good between our results 
and those of Bondy and Freundlich; however, we do not agree with Bishop's 
results in the case of the nitrogen content of fresh latex proteins. In our 
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work the latex was collected in Pyrex glass tubes and filtered immediately 
in an atmosphere of nitrogen in the presence of toluene. The proteins 
were then quickly precipitated. It is believed that these precautions 
largely prevented bacterial attack on the complex proteins. 

Chemical analysis of protein A from ammoniated latex gave the follow¬ 
ing results: carbon, 50.67 per cent; hydrogen, 7.25 per cent; nitrogen, 13.4 
per cent; sulfur, 0.55 per cent; ash, 1.4 per cent; oxygen by difference, 
26.73 per cent. The protein A from fresh latex was found to contain 1.32 
per cent sulfur and 2.26 per cent ash. The lower content of nitrogen in the 
proteins from fresh latex as compared with those from ammoniated latex 
is evidence that the proteins in fresh latex are highly conjugated. The 
higher sulfur and ash content of protein from fresh latex also confirms this 
view. It appears from these and other observations that ammonia reacts 
with the complex proteins in fresh latex. The proteins are conjugated 
glycoproteins, and this also in part accounts for their low’ nitrogen content. 

TABLE 1 


Nitrogen content of protein fractions 



NITROGEN BT KJELDAHL IN 


Protein A 

1 Protein B 

Protein C 


per cent 

per cent 

per cent 

Bishop (2) (fresh latex) 

Bondy and Freundlicli (3) (ammoniated 

U 0-15.1 

14.5-15.4 

1 

16.4-16.9 

latex) .... 

13.8 

15.2 


Present investigation (ammoniated latex) 

13 4 

14.8 

14,0 

Present investigation (fresh latex) 

12.7 

11.8 



Phospholipids, soaps, and other colloids are present in latex which might 
be carried down with the protein and be difficult to remove. These 
observations are recited to point out that the proteins separated from latex 
cannot be coasidered as pure substances of uniform composition but are 
probably mixtures which are sometimes called complexes. Their pre¬ 
dominant protein characteristics, however, are not greatly altered by the 
presence of other colloidal bodies. 

Color and precipitation reactions of the proteins are shown in table 2. 
These tests show the true proteinic nature of the fractions and serve to 
identify them as conjugated glycoproteins. This confirms the work of 
Spence and Kratz (13), who placed the insoluble protein in crude Hevea 
rubber in the same classification. Proteins from ammonia-preserved latex 
fail to show the ninhydrin test, whereas proteins from fresh latex show a 
positive ninhydrin reaction. It is well known that the alpha amino group 
next to a carboxyl group which gives the ninhydrin reaction is easily split 
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off, especially by alkali treatment. Bishop (2) observed negative Molisch 
reactions with all three proteins from fresh latex; this result is confirmed, 
Molisch tests in the case of proteins from ammoniated latex, however, are 
positive. Bondy and Freundlich (3) obtained positive Millon’s tests for 
proteins A and B, whereas our Millon’s tests were negative for all three 
proteins from both fresh and ammoniated latex. The results of this 
investigation show that the proteins in fresh latex are changed as a result 
of standing in the pmsence of ammonia. 


TABLE 2 

Reactions of rubber latex proteins 


BBAcnom 

PBOTBXN A 

PBOTBIN B 

FBOTBUf G 

Color reactions: 




Biuret . . 

4* 

+ 

4- 

Ninhydrin. 

- (a) 

- (a) 

- (a) 

Xanthoproteic.... ... 

+ 

+ 

4“ 

Millon’s. .... 

— 

- 

— 

Hopkins-Cole. 

+ 

4- 

4- 

Molisch. ... _ 

+ (b) 

+ (b) 

+ (b) 

Fehling's. 

-f 

4* 

•4 

Precipitation reactions: 




Nitric acid (Heller) .. 

+ 

1 -f 

- 

Lead acetate. 

1 

-h 

4 

Mercuric acetate. . ... 

-f I 

4- 

i 4 

Copper sulfate ... 

+ 1 

4 

, 4 

Picric acid. 

4- 

+ 

' 4 

Tungstic acid.... . 

H- 

4* 


Dichromic acid.... 

+ 

4- 

' — 

Aluminum sulfate. 

4- i 

4 

— 

Calcium acetate. 

+ 1 

+ 



(a) Test positive in the case of proteins from fresh latex. 

(b) Test negative in the case of proteins from fresh latex. 


EFFECT OF SALTS ON THE COAGULATION OF PROTEINS 

A study of the colloidal behavior of the different proteins should test the 
validity of the protein theory and aid in determining which proteins are 
important as far as the colloidal properties of the rubber particles are 
concerned. An attempt was therefore made to determine the effect of 
salts on the stability of each protein hydrosol towards coagulants. A 
comparison of the properties of the protein hydrosols with the properties 
of normal and dialyzed latex is shown in table 3. Protein hydrosols A and 
B were prepared by dissolving the freshly precipitated proteins in a small 
amount of water and dialyzing the resulting solution until free of ammo- 
mum sulfate. The protein hydrosol C was prepared by simple dialysis 
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followed by electrodialysis of latex serum in order to precipitate completely 
proteins A and B which were filtered off, leaving protein C in solution. 
The negative sign in table 3 means that precipitation of the proteins did 
not readily take place. 

It was not possible to show in table 3 the relative effect of different salts 
on the coagulation of the proteins. A divalent salt such as barium chloride 
was found to be more effective than a monovalent salt such as sodium 
chloride. In some cases the addition of a small amount of barium chloride 


TABLE 3 

Effect of salts on coagulation of protein hydrosols and latex 
pH of protein hydrosols « 6.5 to 7 


BODICTM 

COAOULATIMO CONDITIONS CHLOBIDS 

CONTUNT 

PBOTEIN A 

j 

PBOTKIK B 1 

PROTEIN C 

LATEX 

1 per cent 


1 



[; 1.0 1 

+ 

+ ! 

- 

+ (a) 

Dilute acetic acid.. s 0.05 , 


~ ' 

— 

- (b) 

[ 0.0 


- 1 

- 

- (c) 

['■ 1.0 ^ 

-1- 

+ i 

H- 

+ 

Methyl alcohol (40 to 60 per cent) 0.05 

- 


- 

-f 

1, 0-0 

! “ 

““ 

1 

— 

— 

f; > 0 

i 

; 4- 

1 

+ 

+ 

Acetone (10 to 20 per cent) v 0.05 

; - 

1 + ' 

- 

-h 

ii 0.0 

! - 

1 ! 

i ! 


— 

[1 1.0 

: 4- 

i ~ ! 


+ 

Heating at fS-C. 0.05 

- 

1 __ 

+ 

- 

ii 0.0 

1 — 

1 1 

-f 

— 


(a) Normal ammoniated latex, pH = 10.4. 

(b) Normal ammoniated latex exhaustively dialyzed and 0.05 per cent sodium 
chloride added. Flocculation took place in the isoelectric region. 

(c) Normal ammoniated latex e.xhaustively dialyzed with no added sodium 
chloride. Flocculation took place in the isoelectric region. 

brought about the roagulation of proteins A and B without the necessity 
of adding a coagulant. In addition, there was a difference in the coagulat¬ 
ing power of the organic coagulants,—acetone, for example, being much 
more effective than alcohols. In order to obtain comparable results the 
amount of coagulant added was that necessary to show rapid coagulation 
in the presence of salt. 

These observations show that the hydrosols of all three proteins are 
subject to a “salt effect,” which acts in the direction of increasing the 
instability of the hydrosols upon heating and in the presence of the usual 
latex coagulants. The experiments also show that latex is readily coagu- 
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lated by acids if salts are present and the hydrogen-ion concentration 
approaches the isoelectric range of proteins A and B. Bondy and Freund- 
lich (3) found the isoelectric point of protein A to be 4.5 and that of protein 
B to be 3.9. Addition of organic coagulants results in the coagulation of 
all three proteins in the presence of salts. As the salt content is reduced, 
more coagulant is required. In the absence of salts no coagulation oc¬ 
curred at a pH of 6.5 to 7.0. Heat coagulation of normal latex appears 
to be primarily due to protein A, since protein B is not heat-coagulated 
and protein C is not readily coagulated with heat in the presence of salts. 
The heat coagulation of latex may be greatly accelerated by the addition 
of a small quantity of salt, as would be expected in view of the effect of salt 
in the coagulation of protein A. The resistance of dialyzed latex towards 
heat coagulation, while protein C readily coagulates, indicates either that 
this protein is not adsorbed on the rubber particle or that its coagulation 
is not sufficiently strong to bring about coagulation of latex. It was there¬ 
fore concluded that the colloidal properties of normal ammoniated latex 
are principally governed by proteins A and B. 

CHANGES IN LATEX ON DIALYSIS 

In dialyzing ammoniated latex in the simple dialyzer shown in figure 1 
distilled water was passed through the apparatus continuously at the rate 
of 5 gallons per day. A nitrogen pressure of 6 cm. of mercury prevented 
dilution for the first 48 hr., while 3 cm. of pressure was sufficient thereafter. 
The tendency for the latex to foam prevented a continuous passage of 
nitrogen through the system until dialysis had proceeded for 72 hr. The 
latex at this time was almost pure white and behaved normally towards 
latex coagulants. 

When dialysis was continued for 24 hr. longer, latex cream formed 
on the membranes and a sample of the uncreamed latex showed increased 
resistance towards coagulation by alcohol and organic acid. It was not, 
however, completely stable towards the addition of acid to a pH of about 
5 over long periods of standing or when vigorously agitated. The coagu- 
lum which formed was very spongy and closely resembled fresh latex 
coagulum. The rapid addition of a larger amount of acid yielded a stable 
acid latex. Acetone coagulated this partially dialyzed latex with prac¬ 
tically the same ease as the undialyzed latex. 

At the end of an additional 72-hr. period of dialysis the latex had creamed 
to such an extent that continued dialysis was not feasible. The latex was 
very stable towards immediate coagulation by organic acids at a pH of 
about 5, as compared with the ammoniated latex, and when made strongly 
a^d did not coagulate or undergo putrefaction after standing several weeks. 
The mechanical stability of latex as measured by flocculation upon feta¬ 
tion is greatly decreased by dialysis. On the other hand, the addition 
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of ammonia or strong acids to dialyzed latex restores its mechanical 
stability. 

The creaming of latex on membranes during dialysis has been given 
attention by Stevens, Dyer, and Rowe (14), who suggested that the cream¬ 
ing was caused by ionic movement which carried the particles to the mem¬ 
brane. It was observed in the present investigation that creaming of the 
latex particles on the membranes always took place when dialysis had 



Fig. 1 . Simple dialyzer 


progressed sufficiently lo lower the pH of the latex within the vicinity of 
the neutral point. The dialyzed cream on redispersion in distilled water 
recreams in a short period. However, upon the addition of a small amount 
of acid or alkali it forms a stable dispersion. It has been noted that cream¬ 
ing on the membrane does not occur when the latex is exhaustively dialyzed! 
against dilute ammonia water ha\’ing a pH of about 10.6. When the 
ammonia is then removed by dialysis against distilled water, creaming 
does not occur. Dialysis of ammoniated latex against distilled water 
quickly removes the ammonia, reducing the pH, which in turn reduces the 




796 


A. B. KEMP AND W. G. STBAmPP 


electrical chai^ on the particles before the electrolytes have been removed. 
Under these conditions the particles readily cream. 

Effect of dialysis on serum 'proteins 

Filtered normal ammoniated latex serum protected by several drops of 
toluene was dialyzed against distilled water between cellophane mem¬ 
branes in the convertible dialyzer shown in figure 2. After 2 days’ dialysis 
the serum' became almost colorless, and at the end of 5 days protein had 
started to precipitate and collect on the membranes. New membranes 
were placed in the apparatus, and dialysis was continued with a constant 
flow of distilled water to the end of 12 days. During this time protein 



Fio. 2. Convertible dialyzer 


continued to precipitate and the serum became very turbid, while the 
membranes were covered with films of protein. If dialysis is conducted 
against ammonia water of pH of 10.5 for example, no coagulation of pro¬ 
teins will occur. It appears that coagulation of protein A results from 
the reduction of the pH to an unstable range before salts have been 
removed. 

In order to determine which protein had separated upon exhaustive 
dialysis, a sample of the filtered dialyzed serum was mixed with an equal 
volume of a saturated ammonium sulfate solution. After standing 24 hr. 
a small amount of a colorless flocculent material separated. This was 
iscflated; upon being redispersed in a snudl amount of distilled water it 
immediately tedissolved, and the solution gave negative protein tests. 
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The half-saturated serum from the above was completely saturated by the 
addition of solid ammonium sulfate. Precipitation took place imme¬ 
diately, and after standing 24 hr. a considerable amount of protein B 
precipitated. These experiments show that simple dialysis brings about 
the complete precipitation of protein A, w’hile having very little effect on 
protein B. Tests also showed that protein C remained unprecipitated 
upon dialysis, 

TABLE 4 


Coagulation characteristics of Hevea latex 


COAOULATINQ COMOITIOMS 

1 FRESH LATEX 

FILTERED* 
FRESH LATEX 

DlALTZEDt 
FRESH LATEX 

NORMAL 

AMMONl- 

ATBD 

LATEX 

OXALTZBO 

AMMONIATED 

LATEX 

Dilute acetic acidj | 

+ 

SIow§; 1-2 hr. 

1 

Very 8low§ 

— 

+ 

- 

Dilute acetic acid ( 

1 

1 ■+• 

-f- 

+ 


4* 

and saltj . . \ 

I FastT 

Fast 

Fast 



Methyl alcohol (40- 
60 per cent) . 
Methyl alcohol (20- 

t 

1 


+ 


40 per cent) and 
salt 

f 

! + 

! 

! + 

i 

! + 

4- 

4- 

Heating at 75®C. | 

+ 

. Slow 

1 

1 Very slow 

i 

1 Very slow 

j 

Slow 

Very slow 

Heating at 75°C. 

1 

i 

1 

i 



in the presence f 

i + 

j + 

i + 

* + 

4- 

of salt \ 

1 Fast 

1 Fast 

j Fast 

j Fast 

1 Fast 


* Latex filtered throuKli filter cel, rubber-washed, and redispersed in distilled 
water. 

t Latex exhaustively dialyzed. 

t Acid added until pH was approximately 5. 

§ Slow is 0.5 hr. to 2 hr.; very slow is 2 to 8 hr. 

f Fast is less than 0.5 hr. 

Effect of dialysis on the coagulation of latex 

A comparison of the colloidal proiierties of normal and dialyzed latex 
demonstrated that the ‘^salt effect^' is prevalent in normal ammoniated 
latex. The coagulating properties of normal and salt-free latices are given 
in table 4. In these experiments an attempt has been made to correlate 
the obser\’'ations with those made on the proteins shown in table 3 to deter¬ 
mine which of the proteins are responsible for the colloidal behavior of the 
rubber particles. 

The slow coagulation of fresh latex in comparison with ammonia-pre- 
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served latex may be explained on the basis that the proteins in fresh latex 
are different chemically from those in ammoniated latex. Coagulation 
experiments on fresh latex proteins A and B showed that they were more 
stable than proteins A and B from ammoniated latex. 

If freshly tapped latex is quickly coagulated by adding alcohol to 40 
per cent concentration, filtering the serum, and raising the alcohol concen¬ 
tration of the clear serum to 80 per cent, a precipitate is formed. When 
this precipitate is separated, dried, and added to dilute ammonia-preserved 
latex it prevents coagulation by acetic acid. This protective substance 
has a proteinic character and appears to be similar to the protective 
substance separated from Balata latex. 

Changes in latex composition upon dialysis 

Of the crystalloidal substances removed by dialysis, the ash constituents, 
consisting mainly of alkali and aJkaline-earth phosphates, are almost 
completely eliminated. The total solids of exhaustively dialyzed fresh 
and ammoniated latex have been found to contain from 0.06 to 0.11 per 
cent ash, which was found to be largely phosphorus pentoxide. Rhodes 
and Bishop (12) found that latex contains a phosphatide in such a quantity 
as would account for this ash, since this substance is probably not removed 
by dialysis. Water-soluble organic crystalloids such as l-methylinositol, 
which is present in latex to the extent of 1 to 2 per cent, would be com¬ 
pletely removed by dialysis. 

Fresh latex and ammoniated latex lose nitrogenous substances upon 
dialysis. These substances consist in part at least of salts of amino acids, 
several of which have already been identified as being present in latex. 
The decrease in nitrogen content upon dialysis depends upon the particular 
latex studied. A sample of freshly tapped latex lost 22 per cent of its 
nitrogen, whereas two samples of ammonia-preserved latex showed losses 
of 36 to 39 per cent when dialyzed exhaustively. 

Most of the coloring matter in the serum is removed by dialysis, which 
results in the latex becoming milky white. It was found that the serum of 
filtered freshly tapped latex is colorless but turns brown quickly upon 
exposure to air. Some lots of ammonia-preserved latex have a deep brown- 
colored serum, while others are light brown in color. 

The total diffusible material on the total solid basis has been found to 
range from 8.2 per cent in the case of freshly tapped latex to 9.6 in the case 
of latex from the same source after 1 per cent ammonia had been added 
and it had stood for 2 months. The diffusate is a brown, transparent, 
brittle, gummy substance and is very hygroscopic. 

The rate of removal of dialyzable substances from a sample of normal 
ammonia-preserved latex when dialyzed in the simple dialyzer is shown in 
%iiio 3. It is seen that dialysis is practically complete after 6 days. In 
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this experiment the dialysis was made against ammonia water of pH 10.5 
and the dialyzate was replaced periodically. The diflfusate was deter¬ 
mined by drying to constant weight. 

EFFECT OF SALTS ON ALCOHOL COAGULATION OF DIALYZED LATEX 

It has been shown that washed filtered fresh latex, dialyzed fresh latex, 
and dialyzed ammoniated latex at a pH of about 7 resist the coagulating 
action of alcohol to a greater extent than was the case with normal ammo¬ 
niated latex. Although coagulation in the absence of salt can be accom¬ 
plished by the addition of a considerable quantity of alcohol, it was 
definitely established that added salts of different types materially reduced 
the amount of coagulant. This conforms to the previous observations 
that a reduced salt content in the protein hydrosol greatly increases its 



Fio. 3. Rate of dialysis of ammoniated latex 


stability. Since some salts have a greater effect than others, an attempt 
was made to determine the variations quantitativel 3 ^ Method alcohol 
was chosen as the coagulant, and the technique developed for this purpose 
was as follows: The dialyzed latex of pH 7.4 was prepared by dialyzing 
normal ammoniated latex for 10 days against ammonia water of a pH of 
10, followed b}' 4 days against distilled water. The latex after dialysis 
was adjusted to a total solids content of 15 per cent by the addition of 
distilled water. In the case where the pH was 5.4, acetic acid was added 
to the dialyzed latex. A sample of this latex was mixed with an equal 
volume of the salt solution of known molality, and the amount of alcohol 
necessary for coagulation was determined. This was done by first obtain¬ 
ing the approximate volume of alcohol which vrould coagulate the latex 
in 2 to 3 min. with mild agitation, followed by gradually increasing the 
amount of alcohol until coagulation was complete after 1 min. Coagula- 
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TABLE 6 


Effect of salts on alcohol coagulation of dialyzed latex 


SAi/r 

BALT CONCSNTBASIOM 

ALOOKOL BVQtrXBBO FOB COAGULATION 


pH 5.4 

pH 7.4 

pHM 

pH 7.4 


motes 

motes 

per cent by wlmne 

per cent by vclume 

KCl. 

0.0000 

0.0000 

38 

95 


0.0025 

0.0068 

23 

73 


0.0100 

0.0096 

18 

66 


0.0200 

0.0137 

15 

63 



0.0205 


61 



0.0274 


67 



0.0342 


54 



0.0475 


47 

BaCU. 

0.0000 

0.0000 

38 

95 


0.0012 

0.0004 

15 

55 


0.0026 

0.0012 

11 

30 


0.0050 

1 0.0021 

B 

20 


0.0100 

0.0029 

6 

15 



0.0067 


13 



0.0104 


11 



0.0475 


0 

AlCl,. 


0.0000 


96 



0.0004 


62 



0.0008 


49 



0.0016 


48 



0.0030 


78 



0.0047 


84 



0 o.ot 0.02 0.03 0.04 aos 

CONCeNTRAT»ON OF AOOEO SALT IN MOLS 


Fig. 4. Effect of salts on alcohol coagulation of dialyzed latex 
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tion was called complete when the alcoholic serum no longer gave indica¬ 
tions of milkiness when rotated in an inclined test tube. The results of 
the experiments are given in table 5 and plotted in figure 4. 

The steepness of the initial part of each curve indicates that the alcohol 
coagulation of latex does not result simply from the dehydration of the 
adsorbed proteins, as generally believed. The aluminum chloride curve is 

TABLE 6 


Effect of salts on alcohol coagulation of dialyzed acid latex at 2.5 pH 


BALT 

SALT COKCBN* 
TRATIOK 

ALCOHOL 
BBQUXRSD FOB 
COAGULATION 

BBMARHB 


molea 

per cent by volume 


KCl. 

0. -0.1 

>95 

Stable alcosol 


0.1-0,4 

>95 

Slight coagulation 


0.5 I 

92 



0.6 1 

77 



0.7 i 

63 



0.8 1 

47 



0.9 ' 

32 



1.0 

17 



1.11 I 

0 

i 


K^04 

1 

0.0 

>95 

Stable alcosol 

0,0025 

>95 

Slight coagulation 


0.005 

79 



0.010 

53 



0.013 

41 



0.015 

30 



0.020 

17 



0.025 

12 



0.030 

7 



0,040 

0 


BftCla 

0.0 

>95 

Stable alcosol 

0.01-0.05 

>95 

Slight coagulation 


0.10-0.20 

>95 

Slight coagulation and flocculation 


0.30 

77 



0.40 

47 



0.50 

13 



0.55 

0 

- ......_ _ 


unique, as it shows that small amounts of this salt behaved normally in 
respect to other salts, but at higher concentrations it shows very little 
effect. The other curves show a gradual slope towards the abscissa, the 
barium chloride curve striking it at a molaUty of 0.475, while at thesame 
molality of potassium chloride a concentration of 47 per cent by volume 
of methyl alcohol was required for coagulation. The greater coagulating 
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power of divalent as compared with monovalent metal salts confirms the 
results of Henri (6). The abnormal behavior of aluminum chloride may 
possibly be related to its hydrolyris, which changes the pH of the solution. 
The cause of this effect, however, is not clear. 

A study was made of the effect of potassium chloride, barium chloride, 
and potassium sulfate on the coagulation of dialyzed latex adjusted to a 
pH of 2.5 by the addition of formic acid. In the case of potassium sulfate 
the coagulation was not as sharp and complete as in the case of the other 
salts, making it necessary to approach the coagulation point very carefully 
by a very gradual increase in alcohol. Part of the latex at this end point 
was flocculated and the remainder coagulated, so it was necessary to deter- 



Fig. 5. Effect of salts on alcohol coagulation of dialyzed latex 
Fig. 6. Effect of pH on alcohol coagulation of dialyzed latex 

mine the point where the flocculation was no longer increased by further 
addition of alcohol. The results are given in table 6 and plotted in figure 5. 

The mn xiTniim effect of salt on coagulation is shown in the case of barium 
chloride at a pH of 5.4 and 7.4, which is on the alkaline side of the iso¬ 
electric point, and by potassium sulfate at a pH of 2.5, on the acid side. 
Barium chloride at a pH of 2.5 is approximately twice as effective as 
potassium chloride at the same pH, indicating that the chloride ions in the 
barium chloride are involved primarily and that the barium ions do not 
enter into the coagulation phenomena. On the other hand, at a pH of 
7.4 it is the barium or positive ions which effect coagulation. These data 
show that the divalent positive ions are more effective than monovalent 
positive ions when the pH is on the alkaline side of the isoelectric point, 
and that the divalent negative ions are more effective than the monovalent 
ions when the latex is on the acid side of the isoelectric state of the particles. 
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A study was made of the effect of pH on the amount of alcohol required 
for coagulation of 7.5 per cent dialyzed latex. These results have been 
plotted in figure 6, and show that alcohol coagulation depends on the 
magnitude of the charge on the latex particles. The maximum sensitivity 

TABLE 7 


Effect of pH on stability of dialyzed latex 


pH OF 
LATBX 

XMMXDIATSLT UPON DILUTION 

AFTBB 8 MIN. AGITATION 

1.76 

Completely dispersed 

Partly coagulated; serum very tur¬ 
bulent 

2.00 

Very slightly flocculated into very 
small flocculi 

Partly coagulated; serum very tur¬ 
bulent 

2.60 

Very slightly flocculated into very 
small flocculi 

Partly coagulated; serum very tur¬ 
bulent 

2.76 

Very slightly flocculated into very 
small flocculi 

Partly coagulated; serum very tur¬ 
bulent 

3.00 

Partly flocculated into very small 
flocculi 

Partly coagulated; serum very tur¬ 
bulent 

3.60 

Partly flocculated into small floc¬ 
culi 

Largely coagulated; serum cloudy 

3.60* 

Partly flocculated into small floc¬ 
culi 

Largely coagulated; serum cloudy 

3.70 

Partly flocculated into small floc¬ 
culi 

Largely coagulated; serum cloudy 

3.80 

Almost completely flocculated into 
large flocculi 

Largely coagulated; serum cloudy 

3.90 

Almost completely flocculated into 
large flocculi 

Almost completely coagulated; se¬ 
rum slightly cloudy 

4.00 

Almost completely flocculated into 
large flocculi 

Almost completely coagulated; se¬ 
rum very slightly cloudy 

4.16 

Completely flocculated into large 
flocculi 

Completely coagulated after 2 min. 
agitation 

4.30 

Almost completely flocculated into 
large flocculi 

Almost completely coagulated; se¬ 
rum cloudy 

4.40 

Partly flocculated into small floc¬ 
culi 

Largely coagulated; serum very 
cloudy 

4.55 

Very slightly flocculated into very 
small flocculi 

Partly coagulated; serum very 
cloudy 

4.70* 

Completely dispersed 

Very slightly flocculated; serum 
very turbulent 

4.90 

Completely dispersed 

Completely dispersed 


• Addition of a little sodium chloride brought about sharp coagulation. 


to coagulation is seen to be at the isoelectric point of the latex particles, 
which in turn is controlled by the isoelectric points of the adsorbed proteins 
on the particles. Evidence in favor of the conclusion that both protein 
A and protein B are adsorbed on the rubber particles was obtained by a 
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careful study of the changes in the colloidal stability of a diluted dialyzed 
latex at various pH intervals between 1.75 and 4.9. The experimental 
procedure consisted in diluting 0.05 cc. of a 29 per cent total solidb dialyzed 
latex with 3 cc. of distilled water having a definite pH, and observing the 
state of the rubber particles immediately upon dilution and after 3 min. 
agitation. It was found that maximum instability was reached at a pH of 

4.16, which is approximately half-way between the isoelectric points of the 
two proteins. When the pH was varied to either side of this point, a 
definite trend towards increased stability was noted. This was more 
pronounced when the pH was increased rather than when it was decreased, 
as is seen in table 7. The pH determinations were made with a Beckmann 
pH meter, using a glass electrode. 

Twiss (16) has given 4.2 as the isoelectric point of dialyzed latex, deter¬ 
mined by studying the electrophoretic movement of latex particles under 
various pH conditions under a microscope. He therefore showed that 
there is a reversal of charge on the latex particles at a pH of 4.2, whereas 
the present work shows that latex has its minimum stability at a pH of 

4.16. The agreement of these separate investigations using different meth¬ 
ods is excellent and leads to the conclusion that the isoelectric point of 
latex particles lies at a pH between 4.15 and 4.2. 

DISCUSSION 

It has been shown in confirmation of the finding of other investigators 
that the rubber particles are stabilized in ammoniated latex by complex 
conjugated proteins. It appears that two of the three proteins present are 
primarily responsible for the colloidal behavior of the rubber particles. 
The mechanism by which they function in this capacity is intimately asso¬ 
ciated with the electrical charge they induce on the surfaces of the rubber 
particles. The way in which native soluble proteins of the tyi>e similar 
to the rubber proteins become charged and exist in aqueous solution as 
proteinic anions and cations may be explained on an ampholytic basis. 
The two rubber prot/cins A and B are ampholytes, as they respond to 
reversible precipitation by changes in the hydrogen-ion concentration 
of the dispersion medium. This property has been accounted for in the 
case of other native soluble proteins on the basis that such proteins are 
polybasic acids and polyacidic bases. This would imply that the rubber 
proteins contain in their molecular structure a number of the amino acid 
residues of the basic and acid type. The presence of these free amino and 
carboxyl groups results in the so-called zwitter-ion effect, which is useful 
in explaining the mechanism of coagulation. The actual existence of these 
groups in rubber proteins has been shown by Midgley, Henne, and RenoU 
(8). This insight on the amphoteric nature of the rubber proteins as 
applied to the proteinic sheath on the rubber particle is of fundamental 
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importance. The adsorbed protein layer on the particles, which may be 
continuous or discontinuous, sc^atters on the surface of the rubber particles 
numerous positive and negative charges. When the pH of the serum is 
on the alkaline side of the isoelectric point of the proteins, protons are 
lost and the surface of the particle contains a majority of negatively charged 
carboxyl groups; the magnitude of the charge on the particle depends on the 
pH of the solution. If the pH of the serum is on the acid side of the 
isoelectric point, the majority of the charges are positive and the rubber 
particle is positively charged. The particle becomes isoelectric when the 
pH of the solution is midway between the isoelectric points of the adsorbed 
proteins on the particles, which has been shown to be at a pH of 4.15. 

Normal arnmoniated latex has been shown to exhibit a “salt effect,^’ 
which is due not only to the original salte present but to those formed by 
neutralization in the process of coagulation. This “salt effect’^ has a wider 
application than the* explanation of the properties of a well-dialyzed latex. 
It explains the additional stability of any latex in which the salt content 
has been lowered to within the neighborhood of 0.1 per cent or lower. 
There are many different ways in which this may be accomplished: for 
example, repeated filtration with intermittent washing and repeated 
centrifuging result in latices which exhibit additional stability towards 
coagulating agents. 

Pauli (10, 11) show'cd that the complete removal of electrolytes resulted 
in greatly increased stability of albumin towards coagulating influences. 
Apparently no one has satisfactorily explained the mechanism of this 
“salt effect.” As a matter of fact, this effect has not been widely 
recognized. 

The experiments described in this paper on the effect of salts in the coagu¬ 
lation of latex with alcohol bring out many interesting points. The 
generally accepted idea that the coagulation of latt'x and proteins with 
alcohol is solely a dehydration phenomena must be questioned, since it 
has been shown that the nature and quantity of the salts present and the 
pH of the solution are controlling factors in the amount of alcohol required 
for coagulation. 

Salts have their greatest effect in coagulating latex near the isoelectric 
state of the adsorbed proteins. This is probably because under this 
condition the latex particles are weakly charged and become easily dis¬ 
charged by bombardment of ions of opposite charge. A highly (charged 
latex particle, on the other hand, would not be so readily discharged to the 
isoelectric state by ionic bombardment. The effect of adding divalent 
ions of opposite charge to the particles would be expected to neutralize the 
charge on collision more effectively than a monovalent ion. This would 
explain why barium chloride is more effective than potassium chloride in 
the coagulation of negatively charged latex particles, and why potassium 
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sulfate is more effective than potassium chloride in the coagulation of 
positively charged latex particles. 

Alcohol coagulation in the presence of salts, however, may be influenced 
by other factors, such as salt formation directly with the protein whereby 
the protein becomes less soluble. The well-known precipitation of pro¬ 
teins with heavy-metal salts is a case in point. The addition of alcohol 
to a protein hydrosol would be expected to influence its hydration, and it 
might reduce the overall charge by reducing its ionizing power. The great¬ 
est stability of the rubber proteins would be expected in water free from 
electrolytes and dehydrating influences and at a pH furthest removed 
from its isoelectric point. This appears to be confirmed by this investiga¬ 
tion. As the concentration of water is reduced by addition of alcohol, the 
amphoteric nature of the protein would be less pronounced and its electrical 
charge reduced. 

Latex immediately after tapping does not coagulate for some time 
after adding acetic acid, whereas instant coagulation occurs in the case 
of the ammonia-preserved product. This difference appears to be due to 
the increase in the salt content of the ammonia-preserved product and to a 
greater protective power of the fresh latex protein, which is partly de¬ 
stroyed by bacterial action and by reaction with ammonia on standing. 
In spontaneous coagulation the protective power of the proteins and asso¬ 
ciated substances apparently is destroyed by extensive bacterial action 
under pH conditions favorable for bacterial activity and for coagulation. 
It is known that native protein sols frequently become much more sensitive 
towards the effect of electrolytes when subjected to various treatments 
which change their nature. The effect of bacteria and ammonia on fresh 
latex is a case in point. 

The complexity of the colloid chemistry of the proteins and their func¬ 
tion as protective coatings on dispersed particles is well illustrated in the 
present investigation. Progress in this field has been slow, since it is 
very difficult to control the numerous variables which enter into experi¬ 
ments with proteins. Knowledge is very incomplete concerning the molec¬ 
ular structure of proteins, and it is well recognized that the preparation 
of proteins of uniform composition and properties offers the greatest 
difficulty. 

Further work in determining the effect of salts on the colloidal stability 
of the numerous types of proteins found in nature may be found very 
useful. It is well known that the solubility of certain types of proteins, 
such as the globulins, is increased in the presence of neutral salts. 

In colloid systems the electrical charges on the dispersed particles appear 
to be of fundamental importance to their stability. Maximum stability 
exists when either the positive or the negative charge is predominantly 
high. A wider recognition of this view should be helpful in future studies 
of factors which influence the stability of such systems. 
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SUMMARY 

1. Three protein fractions have been isolated from fresh and ammoniated 
latex serum. The usual color and precipitation reactions have been carried 
out and place these proteins in the classification of conjugated glycopro¬ 
teins. Proteins from fresh latex differ in composition from and are less 
sensitive to coagulating influences than the proteins from ammonia- 
preserved latex. 

2. Coagulation tests using latex coagulants were performed on the 
protein hydrosols. It was found that as the concentration of electrolytes 
decreased coagulation of the proteins was inhibited, whereas coagulation 
readily took place when salts were present in sufficient concentration. 

3. Normal ammoniated latex has been subjected to extensive dialytic 
treatment in specially constructed apparatus. As the ash content of the 
total solids from the latex approached a value of 0.1 per cent, the mechan¬ 
ical stability decreased and the chemical stability increased. Addition 
of excess acid or alkali to dialyzed latex yielded stable latices which were 
highly resistant to spontaneous coagulation. 

4. Quantitative coagulation studies, using methyl alcohol and salts of 
varying types and made on dialyzed latex adjusted to various pH condi¬ 
tions, show that small amounts of a dissolved salt greatly aid coagulation. 
Considerable variation in the effectiveness of different salts was found. 
In acid latex of pH 2.5 the charge on the latex particles was reversed from 
negative to positive and the .salt effect was shown to be different from that 
experienced in the case where the pH was on the negative side of the iso¬ 
electric point. 

5. The amount of alcohol required to coagulate dialyzed latex depends 
on the pH of the latex. It is shown that the amount of alcohol required 
for coagulation increases on each side of the isoelectric point, which was 
determined to be at a pH of 4.16. 

6. The protective mechanism of proteins has been discussed on the 
basis of the electrical charges induced on the surface of the latex particles 
by the presence of the protein layer. The zwitter-ion effect induced by the 
presence of free amino and carboxyl groups in the rubber proteins i.s of 
fundamental importance in determining the colloidal characteristics of 
latex. 

The fresh latex from the Hevea and some of the other types of latices 
mentioned in this paper were obtained from the Department of Agriculture 
through the U. S. Plant Introduction Garden, Coconut Grove, Florida. 
The authors wish to express their appreciation for the assistance and 
coSperation of the Department. 
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I 

In recent years much attention has been paid to the structure of liquids, 
both theoretically and by the application of x-ray diffraction methods. 
Most of this work has been concerned with the liquid state near the melt¬ 
ing point of the substances concerned, and the general conclusion has 
been that at these temperatures the liquid state possesses a structure of 
a dynamic nature bearing some resemblance to the crystal structure of 
the same substance. The phenomena associated with the critical tem¬ 
perature and pressure show that at the higher temperatures there is no 
sharp distinction between the liquid and the gaseous states, although at 
the lower temperatures the difference is well marked. In the present 
paper we shall examine the ranges of existence of the liquid state of the 
elements, and discuss the data in a general way. Any really quantitative 
treatment of the subject must of course involve a knowledge of the com- 
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ploie equations of state of the different elements, and the necessary data 
are generally lacking. For a preliminary treatment we shall examine the 
boiling points at the pressures 760 and 7.6 mm., and ignore the very slight 
change in melting point with pressure in this range. 

The experimental data used are discussed in the appendix. Great care 
is needed before boiling point data are used for critical comparison, and 
in general the possible errors are much greater than those given in <;ollected 
tables or in summaries of papers. 


II 

We may first define the liquid range, Lj,, as the difference between the 
melting point and the boiling point at the pressure p. At a given pres¬ 
sure, the boiling point represents the maximum temperature at which a 
substance can exist in a condensed state. We may therefore define the 
solid ratio, Sp, and the liquid ratio, Fp, at a pressure p, by the relations 

^ _ Absolute melting point at pressure p _ {Tni)p 
^ Absolute boiling point at pressure p \Th)p 

range at pressure p _ 

^ Absolute boiling point at pressure p {Tb)p 

so that Sp + Fp ^ 1. The values of S and F thus give the fractions of 
the temperature range of the condensed state occupied by the solid and 
liquid states, respectively. 

Table 1 shows the boiling ix)ints, melting points, liquid ranges, and licpiid 
ratios of the elements of Groups I A and II A and of the first tw^o elements 
in Groups III A and IV A. The elements of the first short period have 
abnormally high melting points and boiling points. For the remaining 
alkali metals, the liquid ranges are of the same order, while the liquid 
ratios are surprisingly constant, the values of Fyeo lying between 0.67 and 
0.69. At 760 mm., therefore, the liquid state occupies about two-thirds 
of the total condensed range, while at 7,6 mm. the liquid state still occupies 
about one-half of the condensed range. For lithium the values of the 
liquid range and liquid ratio are somewhat higher. 

For the alkaline-earth metals the position is quite different. Beryllium 
has an abnormally high boiling point and melting point, and its liquid 
range is greater than that of lithium at high pressures, but smaller at low 
pressures. Its liquid ratio is, however, smaller than those of the alkali 
metals at all pressures. Magnesium, calcium, and strontium have liquid 
ranges of the same order, which are smaller than those of the preceding 
alkali metals, and their liquid ratios are approximately constant, and very 
much less than those of the alkali metals. The values of F reo lie between 
0,331 and 0.363, so that at 760 mm. the liquid state occupies roughly 
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one-third of the total condensed range, while at 7.6 mm. the Fr.t values 
are less than 0.1, and the liquid occupies less than one-tenth of the con¬ 
densed range. The values for barium are somewhat higher than those for 
the remaining alkaline earths, and the reason for this is discussed later. 

In Group III data are available only for aluminum, whose boiling point 
and liquid range are very much greater than those of magnesium. The 
liquid ratios of aluminum are, however, approximately equal to those of 
the alkali metals, the liquid again occupying about two-thirds of the total 


TABLE 1 

Boiling poinla, melting points, liquid ranges, and liquid ratios of lithium, sodium, 
potassium, and other elements 


liaTAXi 

MSUnRO 

POINT 

BOXXJNQ POINT 

UQUXD BANON 

UQDID 

RATIO 

760 mm. 

7.6 mm. 


h ,.% 

Fim 

Pt.. 


•X. 

•X, 

•X. 

•X 

•X. 



Li. 

452 

1599 

1142 

1147 

690 

0.717 

0.604 

Na. 

370.5 

1156 

810 

785 

439 

0.679 

0.542 

K . 

336.6 

1035 

703 

698 

366 

0.674 

0.521 

Rb. 

311.5 

9897 


6577 


0.6787 




986? 


674? 


0.6847 


Cs. 

299 

943? 

632 

6447 

333 

0.683 

0.527 



977? 


6787 


0.694 


Be. 

1551 

3243 

2086 

1692 

535 

0.522 

0.257 

Mg. 

923 

1380 

994 

457 

71 

0.331 

0.071 

Ca. 

1124 

1712 

1238 

588 

114 

0.343 

0.092 

Sr. 

1044 

1639 

1153 

595 

109 

0.363 

0.095 

Ba. 

977 

1880 

1285 

903 

308 

0.480 

0.240 

B. 

2500? 







A1. 

932 

2543 

1945 

1611 

1013 

i 0.634 

0.520 

C. 

3845 




1 



Si. 

1694 

2628 

2093 

934 

399 

0.355 

0.191 


condensed range at 760 mm. Boiling point data are not available for the 
remaining elements of Group III. 

In Group lY data are available only for silicon, and it will be seen that 
on passing from aluminum to edlicon the liquid range and liquid ratio 
change in the same way as on passing from sodium to magnesium. Both 
boiling point and melting point increase, but the change in melting point 
is much the greater, so that the liquid range falls, and the liquid ratios 
approximate to those of the alkaline earths. It should also be noted 
tliat, although exact data are not yet available for the boiling point of 
carbon, it is almost certain that the liquid range and liquid ratio ue rela¬ 
tively small, since marked volatilization occurs at tiie melting point. 
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From the above survey it can be seen that if we regard the change 
solid —> liquid —► gas as involving an increasing destruction of an ordered 
state, the general effect of increasing valence is to preserve the ordered 
state to higher temperatures. B\it as regards the existence of the liquid 
phase, this effect is not continuous, but shows an alternation on passing 
from one group to the next. Groups I and III give high liquid ratios 
and liquid ranges greater than those required by smooth curves, while 
Groups II and IV give small liquid ratios and liquid ranges below a smooth 
curve, except in the cases of beryllium and barium. In general, therefore, 
we may say that for these elements the liquid state is favored by odd 
valences. 

Wc may next consider copper, silver, and gold, and the elements imme¬ 
diately following them in the Periodic Table. These are distinguished 
from the elements of the A subgroups by a sharp fall in both boiling point 
and melting point on passing from Group I to Group II; the reason for 
this is discussed later. For the first three groups, the liquid ranges show 
the same alternation as in the elements of the A groups. There is first a 
sharp fall in the liquid range on passing from the elements of Group I B 
(copper, silver, and gold) to those of Group II B (zinc, cadmium, and 
mercury). This is followed by an enormous rise in the liquid range on 
passing to Group III B (gallium, indium, and thallium), in the same way 
that the liquid range increases so markedly on passing from magnesium 
to aluminum in the second period.^ In the case of mercury, the very low 
melting point results in an abnormally high liquid ratio, but for the re¬ 
maining elements of Groups I B, II B, and III B, the liquid ratios show 
the same alternations as those of the A subgroups, the ratios being low 
for Group II, and higher for Groups I and III. In general, therefore, 
we may say that for the elements of these three subgroups, the liquid 
state is again favored by odd valences. The data are given in table 2. 

For the elements of Group IV B, the position is less simple. Data are 
not available for germanium,^ although its boiling point is probably above 
1700®C. The comparatively high melting point (960®C.) naturally lowers 
the liquid ratio. After germanium a remarkable change takes place. 
The boiling points of tin and lead remain very high, but the melting 
points fall to comparatively low values, so that the liquid range is greatly 
increased. This change between the third and fourth periods is shown 
also in the elements of Groups V and VI. In Group V the first three 
members,—^nitrogen, phosphorus, and arsenic,—have small or zero liquid 
ranges at the pressures with which we are concerned, but on passing to 
antimony the liquid range Lm is of the order 1000®C., while for bismuth 

^ The boiling point of indium is not known, but is undoubtedly very high, since 
the metal is described as comparatively non-volatile at 1460®C. 

• The melting point of germanium is 960''C., and the metal is not appreciably 
volatile at 1600®C. The liquid range is therefore certainly more than 800®C. 
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Lm is as great as 1289®C. In Group VI, on passing from oxygen to 
selenium, the liquid range increases gradually, the values of Lm being 
35®, 324®, and 468®C. for oxygen, sulfur, and selenium, respectively, and 
there is then a marked increase on passing to tellurium, for which Lm 

TABLE 2 


Melting pointSy hailing pointSy liquid rangesy and liquid raiioe of coppery silvery goldy 

and other elements 


METAL 

MELTING 

POINT 

BOILING POINT 

UQUID BANGS 

LIQUID RATIO 

760 mm. 

7.6 mm 

Lm 


Fm 

F 7.6 


•K. 

^K. 

•X. 

•K. 

•X. 



Cu. 

1356 

2610 

1881 

1254 

525 

0.480 

0.279 

Ag . 

1233.5 

2424 

1808 

1190 

574 

0.491 

0.317 

Au. 

1336 

2983 

21007 

1647 

764 

0.552 

0.359 

Zn. 

692 

1180 

844 

488 

1 

152 

0.414 

0.180 

Cd. 

594 

1040 

774 

446 

180 

0.429 

0.233 

Hg. 

234.2 

630 

449 

396 

215 

0.629 

0.479 

Ca. 

302.8 

2300 1 

1695 

1997 

1392 

0.868 

0.821 

In. 

429.4 

>>1720 


>1300 


>0.75 


T1. 

430 

1730 

1255 

1300 

825 

0.751 

0.657 

Ge. 

1231 







Sn. 

505 

2635 

1726 

2130 

1221 

0.808 

0.707 

Pb. 

600 

1965 

1404 

1365 

804 

0.6941 

0.573 

N. 

63 

77 

Sublimes 

14 


0.182 


P. 

317 

554 

415 

237 

98 

0.427 

0.236 

As. 

Sublimes 

903 






Sb. 

903 

1910 


1007 


0.627 


Bi . 

544 

1833 


} 1289 


0.703 


0. 

55 

90 

61 

35 

6 

0.389 

0.098 

S. 

393 

718 

507 

325 

114 

0.453 

0.225 

Se. 

493 

961 


468 


0.487 


Te. 

725 

1663 

i 

938 


0.564 


F. 

50 

85.2 


35.2 


0.413 


Cl. 

171 

238.4 

Sublimes 

67 


0.281 


Br. 

265.7 

331.8 

Sublimes 

66 


0.199 


I. 

387 

467 

Sublimes 

70 

1 

0.153 



938®C. For the elements of Groups IV, V, and VI, therefore, the liquid 
, state is greatly favored on passing from the third to the fourth and later 
periods. In Group VII, however, the liquid range always remains very 
small, although the range of the condensed state (solid or liquid) increases 
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with increase in the number of the period. Thus iodine as a solid is 
stable above the boiling points of the other halogens. 

Ill 

In the process of condensation the free atoms of a metallic vapor com¬ 
bine to form the liquid, and if the latter is regarded as held together by 
electrons, we may reasonably expect some relation between the ioniza¬ 
tion potentials of the free atoms and the boiling point phenomena. A 
simple relation can only be expected in the case of the alkali metals, for 
which the ions are very small and there is only one electron per atom. 
In these metals the interactions of the cores or ions will be relatively small, 
and the cohesion of the liquid will be due essentially to the valence elec¬ 
trons. In the solid, where the atoms are close together, the single normal 
electronic state of the valence electron of the free atom is broadened out 
into a band of allowed levels, but, since there is only one electron per atom, 
the most stable condition is that with the electrons entirely (or almost 
entirely) in s states, as in the free atoms. With elements of higher valence 
this is no longer the case. Thus with magnesium, the free atom contains 
a complete subgroup of two electrons in s states, but in solid magnesium 
the work of Skinner (19) shows that the most stable condition is that with 
some electrons in p states. Since the interatomic distances in licjuid metals 
are not greatly different from those in solids, we may reasonably expect 
similar considerations to apply, so that with metals of valence greater 
than one, the electronic states in the free atoms and in the liquid metal 
will probably not be the same. With copper, silver, and gold, at the dis¬ 
tances concerned in solids and liquids, there is appreciable interaction 
between the outermost electrons of the (?ores or ions, so that the position 
is much more complicated than for the alkali metals, and it is for the latter 
alone that we may expect a simple relation. 

Let V be the ionization potential of the valence electron of an alkali 
metal, N the principal quantum number of the valence electron, 
the boiling point, and m the atomic weight. If then we plot log NW 
Th 

against log we obtain a straight line as shown in figure 1. Further, 
the gradient of this straight line is —3, so that 

r = 

•^*>760 ^*^8 


or 




m 



814 


WIUJAM HUM&>BOTHB!BY 


The values of C for the different alkali metals are as follows: 


MXTAL 

cxi(r^ 

umsAh 

CX10-» 

Lithium... . 

67.02 

Rubidium. \ 

f 

80.08* 

Sodium. 

Potassium. 

54.54 

54.68 

i 

f 

51.87t 

53.56'*‘ 

55.50t 

1 


Cesium. i 

1 

i 


* These values are calculated from the boiling point data of Ruff and Johannsson 


( 18 ). 

t This value for rubidium is from the review by Eucken (4). 
t This value for cesium is from the work of Langmuir and Taylor (14). 

The only really accurate data are for sodium and potassium, and for these, 
C is constant to within the limits of accuracy of the experimental data. 



For cesium the boiling point is 943®K. according to the work of Ruff and 
Johannsson (18) and 977°K. according to the vapor pressure work of 
Langmuir and Taylor (4), who used an indirect positive-ion method. 
The corresponding values of C lie on opposite sides of the value for sodium, 
and a more accurate direct determination is desirable. For rubidium no 
accurate data are yet available. The boiling point (969°K.) given by 
Ruff and Johannsson (18) is almost certainly too low, and the slightly 
higher value (986°) given by Eucken (4) is from incomplete vapor pressure 
work. For lithium the value of C is 5 per cent higher than for sodiiun, 
and this difference is probably genuine, although the boiling point is 
unfortunately not well established, since, apart from experimentid errors, 
the value (1599°K.) involves an extrapolation of 250° from vapor pressure 
measurements at lower temperatures, and the presence of diatomic mole- 
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cules makes this uncertain. In general, therefore, except for lithium the 
above relation is in good agreement with the facts. 

It is natural to look for relations between the energy constants of va¬ 
porization and the ionization potentials of the valence electrons in a series 
of elements such as sodium, magnesium, aluminum, and silicon, and a 
relation has been found in the following way: It is well known that the 
vapor pressures of liquid metals can often be expressed over wide ranges 
by empirical equations of the type 

In p = - + fe 

In many papers it is assumed that the constant a is equal to X/JB, where 
X is the latent heat of evaporation. Actually this is not true, and the 


TABLE 3 

Moit probable values of L, =» Ra for different metals 


IfSTAL 

1 

BOlLma POIMT* 

Sodium . 

23,400 

32,000 

1156 

Magnesium. 

1380 

Aluminum. . 

60,600 

2543 

Silicon. . . 

72,600 

2628 

Gold. 

82,300 

2983 

Mercury. 

14,100 

630 

Thallium. . 

39,700 

1730 

Lead. . 

42,700 

1965 

Bismuth . — 

41,100 

1833 


* From tables 1 and 2. 


constant a involves not only X//2, but other factors such as the difiference 
in specific heats of the gaseous and liquid phases, the departure from the 
ideal gas laws, dissociation or association equilibrium in the gaseous 
phase, etc. In so far as the vapor pressures are accurately expressed by 
the above type of equation, the constant g is of course in some ways a 
definite characteristic of the liquid. Eucken (4) has tabulated the most 
probable values of Ls = Ra for different metals, some of his figures being 
given in table 3. For the series sodium to silicon we now find that simple 
rdations exist between the constants L, and the ionization potentials 
(7) of the free atoms. These may be summarized by sajring that L, is 
directly proportional to/(F), where the function /(F) has the following 
values: 



Far Bodium: 
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For magnesium: 

For aluminum 
and silicon: 


nv) - 


where Vi, and Vs are the first three ionization potentials of the ele¬ 
ments concerned. This relation is shown graphically in figure 2, and holds 
within the limits of accuracy of the values of L,. This figure also serves 
to illustrate the second characteristic of the series: namely, that L, in¬ 
creases rapidly with increasing valence from sodium to aluminum and 
then becomes practically constant, the values for aluminum and silicon 
differing by only 3000. 


- 1 - 1 - 

- 1 - 


M . *. 

-Sqooo 

- 

• 

_ 

• Na. 

- 

_1_ L .. 

e.v. 


-J_I_L. 

5 10 IS 


2. Plot of L, in calories against/(F) in electron volts 


In the series gold, mercury, thallium, lead, and bismuth, the core inter¬ 
action results in a very high value of for gold, but for the remaining 
elements it will be seen that becomes practically constant at thallium, 
so that, as in the series sodium-magnesiura-aluminum-silicon, /v, reaches 
its limiting value at Group IIL 


IV 

In considering the data described above, it is necessary first to under¬ 
stand the difference between the elements of the A and B subgroups. 
In the A subgroup metals at the beginning of each period, the ions are very 
small compared with the interatomic distances in solid and liquid metals, 
and the cohesive forces in the liquid and solid states may be regarded as 
due essentially to the valence electrons. In the transition elements, and 
also in copper, silver, and gold, the ions are relatively much larger, and. 
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at the interatomic distances in solid and liquid metals, the electron clouds 
of the ions overlap appreciably. It is now generally recognized that in 
these elements part of the cohesion is due to outermost electrons of the 
ions, the nature of this cohesion being regarded as due to ‘^core interaction,^^ 
van der Waals forces, or covalent bond formation (Pauling). At the end 
of the transition process, when the outermost shell of the ion contains a 
group of eighteen electrons, the ion contracts rapidly with increasing 
atomic number, so that at each step the cohesion becomes due more to 
the valence electrons and less to the electrons of the ions. It is for this 
reason, presumably, that in copper, silver, and gold the melting points 
and boiling points are much higher than those for the succeeding Group II 
elements zinc, cadmium, and mercury, whereas in the A subgroups the 
opposite is the case. 

The boiling point is the temperature at which the liquid and solid are 
in equilibrium, and the process of condensation of a metallic vapor may 

TABLE 4 


Ionization potentials of free atoms in Groups I and III 


KLIMENT 

FIRST 

IONIZATION 

POTBNTIAL 

ELEMENT 

FIRST 

IONIZATION 

POTENTIAL 

Lithium .. I 

6.37 

Potassium 

4.32 

Beryllium ... .| 

9.28 

Calcium 

6.09 

Sodium . 

5.12 

Rubidium 

4.16 

Magnesium 

7.61 

Strontium 

5.67 

Aluminum 

5.96 

Cesium 

3.87 

Silicon 

8.12 

Barium 

5.19 


be looked upon as one in which the electronic structure of the free atom 
breaks down and is replaced by the modified valence electron structure of 
the liquid. On general principles we should, therefore, expect the vapor 
phase to be favored by a stable electronic grouping of the free atom, and 
this is clearly what is required in order to explain the alternating valence 
effects described in the preceding section. In Groups I and III the free 
atoms have a single unpaired electron with a comparatively low ionization 
potential, as can be seen from table 4, and hence the tendency for the 
atoms to combine is great, and the liquid state is favored. In Group II 
the valence electrons form a complete subgroup of two s electrons, and the 
stability of the gas is favored. We can therefore understand why the 
liquid state of the elements of Group II is less stable than would be ex¬ 
pected from the properties of the liquids of the elements in Groups I and 
III. In the B subgroup elements, the stabilities of liquid copper, silver, 
and gold are favored in addition by the core interaction, which diminishes 
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n^idly as the ion contracts on pasmng to the later elements, but the rela¬ 
tive stabilities of the liquids zinc and gallium, cadmium and indium, and 
mercury and thallium, are quite parallel to those of magnesium and 
aluminum. 

In Group IV the boiling points and L, values of the elements, so ftu* as 
they have been determined, are not much greater than those of the pre¬ 
ceding elements of Group III, so that, in so far as the gas-liquid equilib¬ 
rium is concerned, there is little change in passing from Group III to 
Group IV. For carbon and silicon this can be partly understood when it 
is remembered that, although the normal states of the atoms contain two 
unpaired electrons, the vapors contain polyatomic molecules. In so far 
as the atomic attraction is satisfied by the formation of molecules, less 
is available for the liquid cohesion, and the vapor state is therefore favored. 
For tin and lead, however, the vapors are monatomic, and a further ex¬ 
planation is required (see page 18). 

On passing from Group III A to Group IV A the liquid range is lowered, 
owing to a rise in melting point, showing that the solid becomes more 
stable when there are four electrons per atom. This point is dealt with 
later, as well as the low melting points of the B subgroup elements of 
Groups III and IV. 

V 

The fact that the upper limit (i.e., the boiling point) of the liquid phase 
is relatively so much higher for the metals of odd valence, suggests that 
the cohesive forces in liquid metals resemble those of covalent or electron- 
pair bonds, so that the orbital model of Pauling (16), although incomplete 
for solid metals, may be much more valid for the liquid state. To under¬ 
stand the nature of the condensation process further, we have to consider 
the characteristic property of the liquid,—^namely, a constant volxune ir¬ 
respective of shape. We may suggest tentatively that one condition for a 
liquid is that each atom (or molecule) is bound to three neighbors, but 
not in general to more than three. If each atom is bound only to two 
neighbors, zigzag chains may be formed, but a third bond is necessary to 
hold the chains together, and a fourth bond is necessary to form a stable 
solid lattice, unless long-range or strongly directive forces are imagined.* 

In support of this hypothesis we may point to the remarkable increase 
in the range and stability of the liquid state on reaching Group III, where 
there are three electrons per atom able to form three covalent bonds. 

* We may illustrate this point by considering two chains of atoms, Ai, A|..., 
Bi, B|... of which A, and Bj are joined by a bond. In this esse A| and B| 

A,—Ai—^Aj—A 4 —^At—A| 

I 

Bi—^Bt—B|—^Bir-Bi—^B| 

will only be stabilised vertically if the bonds have very great directional Strength. 
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The increased stability of the liquid state of the Group III elements is 
shown both by the great rise in boiling point and by the marked increase 
in the latent heat of evaporation. The increase in the range and stability 
of the liquid state between Groups II and III is one of the most striking 
features of the relations between the properties of the elements and their 
positions in the Periodic Table, and clearly suggests that the essential 
factor which stabilizes a liquid has come into play at Group III. From 
this point of view we should regard the changes taking place on heating a 
solid as involving first, a general increase in the amplitude of the vibra¬ 
tions, and then, as the melting point is approached, a breaking of bonds 
until only four bonds per molecule remain, after which transformation 
will occur to the liquid, which requires only three bonds per molecule. 
We may note also that our hypothesis would lead us to expect the phe¬ 
nomena associated with the critical point, since at sufficiently high pres¬ 
sures a gas molecule will have three neighbors within its zone of attrac- 


TABLE 5 
Melting points 


KLVMBNT 

MBLT- 

IMQ 

POINT 

■LSMINT 

Msi/r- 

INQ 

POINT 

SLSMBNT 

MELT¬ 

ING 

POINT 

ELEMENT 

MELT¬ 

ING 

POINT 

ELEMENT 

MELT¬ 

ING 

POINT 

Li . . .. 

452 

Na.. . 

371 

K . . 

337 

Rb.. 

312 

Cs. 

299 

Be .. . . 

1551 

Mg . 

023 

Ca .. 

1124 

St 

1044 

Ba. 

977 

B. 

2500? 

A1 . . 

932 

Sc. . 

1670 

Yt . 


La 

1099 

C . 

3845 

Si. 

2093 

Ti .. . 

2073 

Zr 

2200 

Hg.. 

2500 


tion, and the difference between a gas and a liquid may vanish for this 
reason. 


VI 

In contrast to the boiling point phenomena, the melting points of the A 
subgroup elements show their greatest increase between Groups I and II, 
as can be seen from table 6. Aluminum is clearly anomalous, but in 
general the melting points increase by a factor of 3 or 4 on passing from 
Group I A to the following element in Group II A, and then continue to 
increase less rapidly. We may conclude, therefore, that the essential 
factor which stabilizes a liquid is greatly favored when there are three or 
more electrons per atom, but that, up to Group IV A, the solid shows a 
continually increasing stability, the greatest increase being between 
Groups I and II. 

VII 

In the alkali metals there is only one electron per atom, and if we assume 
that the electrons in the liquid, as in the solid, occupy $ states only, there 
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will only be one bond per atom and one single « orbital. This bond is, 
however, independent of direction and is therefore well suited for liquid 
cohesion. Using the Pauling model, therefore, we shall regard the liquid 
alkali metals as involving only one bond per atom resonating between 
different neighbors so as to hold the liquid together. 

On passing to the alkaline earths we have two electrons per atom, and 
since the s and p states overlap in the solid (see page 813) we shall assume 
that four orbitals are now available for bond formation. We suggest that 
it is this fact which is partly responsible for the marked increase in stability 
of the solid phase (i.e., the rise in melting point) on passing from Group I 
to Group II, In the later groups (III and IV) those four orbitals are still 
available, and the continual rise in melting point is the result of the con¬ 
tinually increasing numbers of electrons in these four orbitals. The point 
which we wish to emphasize is that, whereas the valence increases con¬ 
tinuously, the passage from Group I A to Group II A produces the change 
from one orbital to four orbitals, this last number then remaining con¬ 
stant.* 


VIII 

The general principles underlying the liquid elements may now b6 
summarized as follows: 

1. On passing from Group I A to II A, the solid state increases greatly 
in stability, partly owing to the general effect of liigher valence, and partly 
owing to the increase in the number of orbitals available for bond forma¬ 
tion and the very strong nature of the a-p bonds. The boiling point does 
not rise to such a marked extent, because the free atoms of the Group II 
elements with their completed outer group of two s electrons are very 
stable, and so the gaseous phase is favored. We have noted previously 
that the boiling point of barium is higher than those for the remaining 
alkaline-earth metals, while its melting point is lower. It has been shown 
in a former paper (12) that when the atomic and ionic radii of the metals 
are compared, the ion of barium is larger than would be expected from the 
values for the remaining alkaline-earth elements. This was regarded as 
due to the approaching internal rearrangement taking place in the rare- 
earth group, and it is possibly this fact which accounts for the anomalous 
behavior of barium. 

2. On passing from Group II A to III A the melting point still increases, 
owing to the general valence effect, aluminum being anomalous (see 
below). The boiling point and heat of vaporization increase enormously, 
since in Group III A there are three electrons to form the three bonds 
characteristic of a liquid. 

* In the long periods the process is of course complicated by the later Introduction 
of the d orbitals. 
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3. In the first and second short periods, on passing to Group IV, the 
melting point continues to increase, owing to the general valence effect. 
The boiling point does not increase to the same extent, partly because the 
gaseous phase is favored by the formation of stable molecule^s, and, if our 
hypothesis is accepted, partly because only three bonds per atom are 
required for the liquid, and little is gained by having more than three 
electrons, unless these introduce new orbitals, as in the case of the transi¬ 
tion elements. This explanation also applies to the approximate con¬ 
stancy of the boiling points and of the L, values of the series thallium- 
lead““bismuth. 

4. The transitional elements have high melting and boiling points, ow¬ 
ing to cohesion involving s, p, and d orbitals which are very stable. 

5. In the first and second short periods, and in the series arsenic 
bromine in the third period, the liquid phase in Groups V, VI, and VII 
almost vanishes, owing to the formation of very stable molecules in the 
gaseous state and sometimes also of molecular crystals of the solid. 

6. In Groups III B and IV B indium, tin, thallium, and lead have low 
melting points, owing to incomplete ionization in the solid state, as shown 
by the interatomic distances. The anomalous melting point of aluminum 
is probably due to the same cause. The high boiling points suggest that 
these elements are fully ionized in the liquid. This interpretation implies 
that the subgroup of two s valence electrons is sufficiently stable to be 
preserved unchanged in the solid, but that it breaks down in the liquid. 
In germanium, on the other hand, the crystal structure resembles that of 
silicon, and the subgroup may be regarded as breaking down in both solid 
and liquid. This, of course, is in agreement with the chemistry of the 
elements, the divalent salts of germanium being much less stable than 
those of tin or lead. 

7. In Groups V and VI the remarkable change in the stability of the 
liquid phase on passing from arsenic to antimony, and from selenium to 
tellurium, corresponds with a diminishing tendency to form large mole¬ 
cules in the gaseous phase. Thus phosphorus and arsenic form P 4 and 
Pj, and Asi and Asj molecules, respectively, while sulfur and selenium 
form Sg, Se, S 2 , Ses, See, and Seg molecules, respectively. Tellurium, on 
the other hand, forms only Teg molecules, while antimony vapor near the 
boiling point is said to consist mainly of Sbg molecules with some of Sb4, 
and bismuth vapor at the boiling point is a mixture of Big molecules and 
single atoms. We may say, therefore, that in phosphorus, arsenic, sulfur, 
and selenium, the liquid phase is restricted because the attractive forces 
of the atoms in the gaseous phase are satisfied by the formation of large 
stable molecules, so that little attraction is left to form a liquid. Anti¬ 
mony is an intermediate case, and it is interesting to note that, according 
to the data given in table 4, the liquid range and liquid ratio for antimony 
are distinctly less than those for bismuth. 
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8. The characteristics of the B group elements which remain to be con¬ 
sidered are the abnormal properties of gallium and mercury. In contrast 
to indium and thallium, the interatomic distances in solid gallium indicate 
that the atoms are fully ionized, and this, of course, is in agreement with 
the chemistry of the Group III elements, which indicates that the stability 
of the univalent Ga+, In+, and Tl'*' compounds increases with increasing 
atomic number. This would, at first sight, lead one to expect a metal of 
high melting point, in contradiction to what is found. A posable ex¬ 
planation lies in the tendency of the B group elements to crystallize ac¬ 
cording to the (8 — N) rule, where N is the number of the group. This 
rule would require gallium to crystallize so that each atom had five close 
neighbors. The actual structure is sometimes described as corresponding 
to the deformation of a structure with five neighbors, but the deformation 
is considerable, and results in each atom having one close neighbor at 
2.44 A., two at 2.71 A., two at 2.74 A., and two at 2.80 A. The existence 
of one close neighbor to each atom has been taken to indicate the existence 
of Ga^ molecules in the solid, while another interpretation regards the 
structure as a layer structure in which each atom has six neighbors in its 
layer (at distances from 2.71 to 2.80 A.), the layers being bound together 
by the single close bond at 2.44 A. The low thermal stability of the solid 
is in marked contrast to the great stability of liquid gallium, which be¬ 
haves as a normal trivalent liquid. The instability of the solid may per¬ 
haps be due to the opposition of various factors. A structme in which 
each atom has five neighbors is not one which favors close packing of atoms, 
so that the tendency to satisfy the (8 — N) rule may be regarded as opposed 
by geometrical considerations. In indium and thallium, the stability of 
the subgroup of two s valence electrons is sufficiently great for this sub¬ 
group to persist in the solid, and the crystal structures are normal, or 
slightly modified, close-packed structures.* In gallium the stability of 
the subgroup is not sufficient for this, so that we may perhaps regard the 
instability of the gallium structure as due to a failure to satisfy any one 
definite tendency. 

The properties of mercury are very curious, since its boiling point, melt¬ 
ing point, and latent heat of evaporation are all abnormally low. The 
vapor is known to be monatomic, and, since Trouton’s constant for the 
entropy of vaporization at the boiling point is normal, the abnormal 
properties cannot be ascribed to the existence of Hgi molecules in the 
liquid. The relative instability of the solid and liquid may suggest that 
only the one s orbital is involved in the cohesion, and in this connedion it 
is intoosting to note that the L, value for mercury given on page 816 is 

* The crystal structure of indium is face-centered tetragond, but the axial ratio 
is nearly unity, so that the structure is only a slightiy deformed modification of the 
face-centwed cube. 
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roughly one-third of those for thallium and lead, just as the value for 
sodium is one-third of those for aluminum and silicon. 

The author must express his gratitude to Professor C. N. Hinshelwood 
for laboratory accommodation and for many other facilities for research. 
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APPENDIX 

The boiling data given in the tables have been selected as follows: 

Alkali metals. For sodium and potassium the direct measurements of Heycock 
and Lamplough (10) appear preferable to values deduced from vapor pressure meas¬ 
urements, since the pyrometry of Heycock was of a very high standard. For lithium 
we used the value given by Gordon (7) in his analysis of the vapor pressure data of 
Hartmann and Schneider (9). The data for rubidium and cesium have been dis¬ 
cussed previously (page 814). 

Alkaline-earth metals^ aluminum^ and silicon. For beryllium, aluminum, and 
silicon the data are taken from the work of Bauer and Brunner (1), while for the 
remaining alkaline-earth metals the data are from the work of Hartmann and 
Schneider (9). 

B group elements. The data of Bauer and Brunner (1) have been used for copper, 
gold, zinc, tin, and lead. For silver the data are taken from the work of Fischer (5). 
For cadmium the work of Leitgebel (15) appears the most reliable for the normal 
boiling point; the boiling point at 7,6 mm. has been estimated graphically from a 
log P/(l/T) graph of the results of Ruff and Bergdahl (17) which are not very con¬ 
sistent. The data for mercury are from the International Critical Tables. For gal¬ 
lium, Harteck (8) has estimated the boiling point from experiments at low pressures, 
but this invblves a very long extrapolation and the values are only approximate. 


• We have not been able to consult the original, and the value 1918®K. for anti¬ 
mony referred to in the appendix is from the Landolt-Bbrnstein Tabellen. 
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For thallium the normal boilin#^ point is from the work of Leitgebel (16), while the 
value at 7.6 mm. is oalculated from the equation of Coleman and Egerton (3). For 
antimony the normal boiling point is placed at 1910°K. on the basis of the values 
1908®K. of Leitgebel (IS) and 19i8®K. of Kohlmeyer (13). For bismuth the value 
given is that of Leitgebel (15). 

For sulfur, bromine, chlorine, and iodine the data are taken from the International 
Critical Tablesy graphical methods being used where necessary. For fluorine the 
work of Claussen (2) is used, and the values for selenium and tellurium are from the 
Landolt-Bornstcin Tabellen. 

The melting point data are more securely established, and call for little comment, 
except that the melting points of calcium, strontium, and barium are taken from 
the work of Hoffmann and Schulze (11), and the value for scandium from the work of 
Fischer, Brtinger, and Grieneisen (6). 


RADIOACTIVE STANDARDS^ 

A series of radioactive standards is being prepared under the direction of the Com¬ 
mittee on Standards of Radioactivity of the National Research Council. These 
standards will be deposited at the National Bureau of Standards in Washington, 
D. C., to be issued as working standards to investigators who may desire them. 

The standards under preparation at present are: 

(1) Radium standards: (o) 100-cc. solutions scaled in 200-cc. Pyrex flasks con¬ 
taining 10“® and g. of radium, to be used as emanation standards cither directly 
or by subdilution, (b) 5-cc. solutions sealed in Pyrex ampoules containing 0.1, 
0.2, 0.5, 1.0, 2.0, 5.0, 10, 20, 50, and 100 micrograras of radium to be used as gamma- 
ray standards. 

(f) Thorium standards: Sealed ampoules containing sublimed thorium chloride. 
These may be used in preparing standard thorium solutions. Directions for use 
will be furnished with the standards. 

(3) Standard rock samples: Twelve rock samples, ground to pass a 40-mesh 
screen and be retained on a 100-mesh screen, are available in 100-g. portions. These 
samples will be analyzed for radium and thorium and are intended for use as working 
standards to check methods used in extraction of radon and thoron from rock 
samples. 

All samples will be analyzed at a number of laboratories equipped to make such 
measurements, and ultimately certificates will be issued by the National Bureau of 
Standards. This work is in progress but will require considerable time for its com¬ 
pletion, so that final figures are available only for a part of the samples at the present 
time. 

Accurate knowledge of the radioactive content of the materials of the earth^s 
crust is of primary importance in many phases of geology, geophysics, and cosmol¬ 
ogy. Reliable radioactive standards are also essential in studies of radium and 
thorium poisoning and in biological and medical investigations using the technique 
of radioactive indicators, or internal artificial radioactivity therapy. For the latter 
purposes calibrated standard sources of jS-rays will be made available. • 


1 This work is being supported in part by a grant from the American Philo¬ 
sophical Society to the Massachusetts Institute of Technology. 
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It is hoped that the standards which have been prepared by the Committee will 
provide all workers in those fields with a common basis for comparison of measure¬ 
ments and also improve the accuracy of all measurements of this type. Tt is likely 
that they will have other applications, and the Committee would appreciate hearing 
from interested persons who may desire similar standards for their work. The Com¬ 
mittee is also glad to cooperate as far as possible in aiding investigators to use these 
standards to the best advantage and welcomes specific inquiries regarding their use. 
It is urged that any suggestions regarding other desirable radioactive standards, not 
at present available, be submitted promptly to the Committee. In particular, it 
W'ill facilitate the work of the Committee if those laboratories and individuals which 
can make use of these standards will advise the Committee of their probable re¬ 
quirements. 

Communications may be addressed to the Chairman, Professor Robley D. Evans, 
Department of Physics, Massachusetts Institute of Technology, (Cambridge, Massa¬ 
chusetts. 

L. F. Curtiss 
Clark Goodman 
Alois F. Kovarik 
S. C. Lind 
C. S. PiGGOT 
Robley D. Evans 


NEW BOOKS 

M. K, S. Units and Dimensions and a Proposed M. K. 0. S. System. By G. E. M. 
Jauncby and a. S. Langsdorf. viii -|- 62 pp. New York: The Macmillan Com¬ 
pany, 1940. Price: $1.00. 

This interesting and instructive brochure can be best described by quoting the 
authors’ foreword. **The International Electrotechnical Commission (I.E.C.), 
meeting at Scheveningen in June, 1935, adopted the meter, kilogram, and second as 
the basic units of length, mass, and time, this action becoming effective in January, 
1940. 

The purposes of this little book are: to acquaint electrical engineers, physicists, 
and teachers and students of electrical engineering and physics with the properties 
of the new meter-kilogram-second (M. K. S.) system of basic units; to describe 
methods for changing from one set of basic units to another; to give reasons for the 
adoption of the ohm as the fourth basic unit (a question left open by the I.E.C. in 
1935); to describe a proposed M. K. O. S. system of basic units; and to discuss the 
difference between magnetic flux density (B) and magnetic field strength (H).” 

F. H. MacDouoall. 

Thermodynamics and Chemistry. By F. H. MacDougall. Third edition. 6x9 
in.; ix + 491 pp.; 53 tables. New York: John Wiley and Sons, Inc., 1939. Price; 
$5.00. 

The new edition brings up to date MacDougall’s well-known text on Thermo¬ 
dynamics and Chemistry. The principal portion of the book derives the usual equa¬ 
tions based on the first and second laws and indicates clearly their application to 
chemical problems. The symbolism has been changed to correspond in general with 
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the prevailing American practice. The treatment of the phase rule and various 
relationships at phase boundaries is particularly complete. The Debye-Htickel 
theory for electrolytes is derived and discussed in a clear concise fashion. 

In many cases the numerical data quoted are not the most accurate available. 
While this matter is not important to the student learning general principles, it 
detracts considerably from the usefulness of the book to research workers. The 
tables of data toward the back of the book appear to be much better in this respect 
than the rest of the text; however, the electrode b.m.f. values are not consistent with 
the standard free energy values. This situation should be kept in mind by those 
proposing to use the book for these purposes. Although a few typographical errors 
were noticed, they were mostly of a sort not likely to lead to confusion. The non¬ 
integral values listed for the symmetry number, <r, in table XL on page 469 must be 
erroneous. The correct value is 2 for both chlorine and bromine, since isotopes are 
considered identical for this purpose. 

The treatment of the third law in a book of this type is a problem. Since a very 
considerable fraction of the free energy values now available have been obtained 
from third law calculations, this subject must be given an important place. On the 
other hand, the third law cannot be used with perfect accuracy in practice unless one 
understands its basis in quantum statistics. MacDougairs general plan for con¬ 
sidering the third law along with a brief discussion of statistical mechanics is excel¬ 
lent. However, a concise statement of the types of situation leading to failure of 
the third law would have been an improvement. In this chapter, and at some other 
points, more explicit indication of the importance and relationship of the individual 
topics would assist the reader. 

This book should be most valuable to the student learning thermodynamics. 
The numerous problems are notable from this point of view. Although certain dis¬ 
advantages have been mentioned, this work should prove an aid also to the research 
worker in chemical thermodynamics. 

Kenneth S. Pitzer. 

Eififahrung in die technische Fliesskunde. By G. W. Scott Blair. 6 x 9 in.; viii -|- 

132 pp. Dresden and Leipzig: Theodor Steinkopflf, 1939. Price; unbound, 6 

RM .; bound, 6.75 RM. 

This is a translation by H. Kauffmann of the author’s Introduction to Industrial 
Rheologyi published in this country by Blakiston’s Sons and Company. In so brief 
a work an author cannot be expected to cover the details of his subject, but in an 
introduction the general reader has a right to expect a modicum of well-established 
facts upon which are built laws which have been found acceptable. The reader 
however should expect more, and the technical reader, more perhaps than any other, 
should look for the illumination of facts and laws by means of a clear theoretical 
development. The author has chosen to treat briefly of nearly two hundred and fifty 
recent monographs on rheology, with the result that clarity is often lost. The book 
will serve well as a review of recent work, particularly on plasticity, and rather better 
than as an introduction to the science. 

The translator has changed the Poiseuille law to the '^Hagen-Poiseuille law.” 
Poiseuille published his first paper on the circulation of the blood ten years before 
Hagen’s paper and then worked steadily on that subject and published a series of 
papers up to 1847. The name ^Hagen-Poiseuille,” like Gay-Lussac-Charles, is 
clumsy. Furthermore, it is impracticable to do historical justice in a napie. New¬ 
ton and Stokes and others antedate Poiseuille and have a greater claim than Hagen. 

EtrOBNE 0. BmOBAIC. 



NEW BOOKS 


827 


The Nature of the Chemical Bond, By Linus Pauling. 6 x 9 in.; xiv + 429 pp. ; 60 

figures. Ithaca, New York: Cornell University Press, 1939. Price: $4.60. 

This is a clearly written survey of the nature of chemical bonding as seen from the 
viewpoint of the atomic orbital method. It is in this method that the wave me¬ 
chanics connects most easily and naturally with the traditional ideas of chemists on 
the nature of chemical bonds and with the Lewis theory. Hence the presentation 
will have wide appeal and usefulness among chemists. 

The book is mainly a review of the author’s work on chemical bonding, with special 
emphasis on the study of bond distances in molecules and crystals, and on the use of 
the resonance concept in explaining bond structure, bond distances, and bond 
energies. Although based on quantum-mechanical ideas, the treatment is remark¬ 
ably non-mathematical. 

After an introductory chapter on “Resonance and the Chemical Bond” comes a 
chapter on ionic character and electronegativity, based largely on a study of bond 
energies. This subject is peculiarly difiicult to treat quantitatively, but the author 
has made great progress by his pioneer work and stimulating new ideas, which are 
further usefully developed in the book. Nevertheless, in the reviewer’s opinion, 
much probably remains to be done before the subject will be in a wholly satisfactory 
state. 

Some specific criticisms may here be in order. The reviewer has shown theoreti¬ 
cally (c/. equation 41 of a paper' quoted by the author on page 66) that if one adopts 
with the author the postulate of the additivity of covalent bonds, then the amount 
of ionic character Q in a partially polar bond varies according to an equation of the 
type: 

Q - Hxa - xn) ~ ixj, - Xb)V48 (1 ) 

The x’s refer to the electronegativities of the atoms A and B forming the bond. 

The author, however, on page 69 gives 

Q _ 1 _ e -i/4(x*-«b)* (2) 

which conflicts with equation 1 in making Q vary nearly with (xa — ojb)* instead of 
with (xa — «b) for small values of Xa — Xb (compare the figure on page 80). Hence 
some of the author’s Q values and derived conclusions are questionable. Thus for 
CfeN in R—CsN, where the bond moment indicates about 57 per cent ionic char¬ 
acter (c/. page 75), equation 2 gives only 18 per cent, while equation 1 gives 47 
per cent. 

To be sure, equation 2 fits well the values 5,11, and 17 per cent for Q for HI, HBr, 
and HCl deducible from observed bond moments, if with the author one assumes 
M Qer (r *» internuclear distance). But it has been pointed out (loc, cit,,^ pages 
684-6) that p must in general contain a large “homopolar dipole” contribution Mkf 
here of polarity H-X+, so that n » Qer - m*, making the true Q’s much larger than 
those just given, and in agreement with equation 1 rather than equation 2. 

A related matter is the conflict between the large observed m'b of the C — I, C--Br, 
C—Cl bonds and the small Q values (nearly zero for C—I) predicted by the electro¬ 
negativity scale. The author suggests (page 69) that these effects may be due to an 
unsymmetrical distribution of the electrons,—referring presumably to the homopolar 
dipole and related contributions,—so that the Q's may still be as calculated. Un¬ 
fortunately, the homopolar dipole terms are of polarity whereas the bond 

' R. S. Mulliken: J. Chem. Phys. 3, 573 (1935). This paper gives (insofar as the 
additivity postulate is valid) a theoretical justification of the basis of the x scale. 
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moments are of polarity beyond much question. There seems to be no escape 
from the conclusion that all the C—bonds have strong ionic character with the 
halogens negative. This indicates that the electronegativity values for the halogens 
require alteration, and that the electronegativity scale is less consistent and well 
founded than one might have hoped. There are also other indications of this: for 
example^ the apparent absence of ionic resonance energy in the C^N bond in spite 
of its high polarity (footnote on page 124). 

Chapter IV deals with the forms of bond orbitals and their relations to bond 
strengths and bond angles, and the magnetic criteria of bond type. Chapters IV and 
VI contain a stimulating discussion of the structure and properties of aromatic and 
other molecules involving resonance among several valence-bond structures. The 
author gives many ingenious interpretations. In the *‘quantitative treatment’* 
here (pages 137-9), the large corrections in the observed resonance energies to allow 
for shrinkage and stretching of bonds accompanying resonance, discussed by Leo¬ 
nard-Jones, might well have been mentioned. 

Chapter V is a thorough discussion of interatomic distances and their interpreta¬ 
tion. Chapter VII contains interesting ideas on the structure of molecules with 
partial double-bond character. Chapter VIII is on one-electron and three-electron 
bonds, including a section on semiquinones and related substances. Chapter IX is 
an excellent survey of the hydrogen bond problem. Chapter X deals very thor¬ 
oughly with the sizes of ions and the structure of ionic crystals. Chapter XI treats 
“the metallic bond” rather briefly and unconventionally but interestingly. Chapter 
XII contains concluding remarks on resonance and its future applications. 

As was mentioned above, the book is written from the atomic orbital (AO) view¬ 
point. The alternative molecular orbital (MO) point of view is not discussed at all, 
aside from mention without explanation on pages 138-9. Thus the unfamiliar reader 
will be likely to suppose that the viewpoint presented is the only possible one. This 
result could have been avoided by a few prefatory paragraphs concerning the MO 
method. 

Most authorities would feel that for a deeper understanding of the electronic 
structures of molecules a knowledge of both methods is necessary, and that for many 
problems the MO method is the simpler and more intelligible. For example, in 
problems such as that of partial ionic character, or the structure of benzene or of 
metals, or one-electron and three-electron bonds, where the AO method requires the 
concept of resonance among several valence-bond structures, the MO method allows 
one to think in terms of a single structure. Thus one secs that “resonance” does 
not have the clear-cut structural significance which exclusive use of the AO viewpoint 
tends to assign to it. 

Nevertheless, the use of the AO viewpoint makes for maximum availability of the 
book, especially among chemists, and the book is a landmark in the history of valence 
theory. In its perusal most readers will probably share the reviewer’s experience of 
encountering a wealth of important and interesting facts and ideas. 

Robert S. Mulliksn. 

The Cyclotron. By W. B. Mann, 92 pp. New York: Chemical Publishing Com¬ 
pany, 1940, Price: $1.60. ' 

This timely little volume, with a brief introduction by Lawrence, treats the fol¬ 
lowing subjects: magnetic resonance acceleration; cyclotron vacuum chambers and 
magnets; higher frequency supply and ion source; electrostatic and magnetic focus¬ 
ing; adjustment of the cyclotrons. It contains a brief section on well-selected 
applications. 


S. C. Lxnd. 
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Abridged Scientific Publications from the Kodak Research Laboratories^ VoL XX, 
273 pp. Rochester, New York: Eastman Kodak Company, 1939. 

This book contain abstracts of forty-four papers published during 1938. 

Rheological Memoirs. Edited by Euobne C. Hincjham. Vol. I, No. 1, January, 
1940. Published in Easton, Pennsylvania. Price: $2.00 per volume. Experi¬ 
mental Investigations upon the Flow of Liquids in Tubes of Very Small Diameter. 
By J. M. L. PoisBUiLLE. Translated by Winslow H. Henschel from the Memoirs 
of the Royal Academy of Sciences of the Institute of France Sci. Math. & Phys., 
Vol. IX, Paris, 1846. 

This is the first of a series of classical papers in the suVjject of rheology which 
Professor Bingham, the well-known authority in this field, prepares to make avail¬ 
able through reprinting and translation into English under the auspices of the 
Publication Committee of the Society of Rheology. Subscription may also be placed 
through the American Institute of Physics, 175 Fifth Avenue, New York. 

S. C. Lind. 

The Physics and Chemistry of Surfaces. By N. K. Adam. Second edition. 6 x 9 in.; 
X -f 402 pp. Oxford University Press. Price: $7.50. 

This edition of Professor Adam’s well-known hook has been largely rewritten 
without materially changing the plan of the book. A new (‘haptcr has been added 
on electrical phenomena at surfaces, which rather completely covers the many 
phases of this subject. 

The first part of the book is perhaps its best, if there can be said to be any best. 
Here the author draws on the great reservoir of knowledge obtained in his own 
laboratory, to elucidate the behavior of substances on liquid surfaces. This he does 
without detracting in any way from the important work of other investigators. In 
the chapter on adsorption on liquid surfaces, the author presents essentially the 
analytical proof of Gibbs for the adsorption equation and in addition the beautiful 
new' proof due to Guggenheim. The section on the general properties of solid 
surfaces presents many interesting concepts and leads up to an excellent discussion 
of spreading films and lubrication. In considering adsorption on the solid surface 
and catalysis, the modern concepts are all presented, but the chapter on the whole 
seems a little too compressed. The last chapter, which follow^s the one on electrical 
phenomena at interfaces, presents the problem of the measurement of surface 
tension. 

This volume is a distinct improvement over the first edition, in that it covers the 
subject more completely. It is an important addition to the literature on the sub¬ 
ject of surface phenomena and will be welcomed by all workers in the field. The 
book is w'ell printed and presents a nice appt'arance. 

L. H. Rbyerson. 

Kurzes Lehrbuch der physikalischen Chemie. Heft 2. By K. Jellinek. 24.5 x 16 cm.; 
xii -f 292 pp. Deventer (Holland): N. V. Uitgevers-Maatschappij A. E. Kluwer, 
1939. Price: FI. 7.50. 

The second part of Jellinek’s Short Textbook of Physical Chemistry treats the 
subjects electrochemistry, the phase rule, colloid chemistry, and chemical kinetics. 
In the opening chapter on electrochemistry the author deals faithfully with electro- 
conductance, giving clear and adequate accounts Of G. N, Lewis’s thermodynamic 
theory of stronger electrolytes, the methods of determining activity coefficients, 
and the kinetic theory of Debye and Htickel for dilute solutions of electrolytes. 
Electrode potentials are discussed, and many applications of this quantity to other 
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physicochemical determinations are explained in detail. Ionization and neutraliza¬ 
tion curves are discussed and the essential significance of these curves elaborated. 
Indicators are considered and both the qualitative and quantitative theories of 
color change examined. Finally an account is given in this section of the chemical 
equilibria in molten salts. 

The phase rule is dealt with in connection with systems of one and two com¬ 
ponents, and this is followed by a full treatment of phase boundary relationships, 
including non-electrical phase boundary phenomena and also the phenomena at 
electrified boundaries (electroendosmosis, adsorption potential, and electrokinetio 
potential). In this section colloids are considered as systems of enormous surface. 
The final section of the book is devoted to chemical kinetics. Here reactions up to 
the fourth order are considered and modern ideas of chemical kinetics are applied 
to both homogeneous and heterogeneous reactions. A discussion of irreversible 
potential, including such phenomena as passivity, overvoltage, and decomposition 
voltage, is developed in the final section. 

The material included in this very erudite book is presented with remarkable 
clarity and in a logical manner. The book is, without any doubt, one which will 
commend itself to students of physical chemistry. The value to students is greatly 
enhanced by the large number (102) of numerical examples which are given in the 
text with the solutions worked out in sufficient detail to enable even a backward 
student to understand the method. The lack of an index is to be deplored, despite 
the presence of a paginated contents table. 

This book is one which can safely be recommended to students of physical 
chemistry. 

James F. Spencer. 

Introduction to Atomic Physics, By Henry Sbmat. 6 x 8.5 in.; xv -|- 360 pp.; 84 

fig. New York: Farrar and Rinehardt. Price: $3.50. 

This volume contains one hundred and twenty-seven items concerning our 
present-day knowledge of matter and radiation. The first chapter gives a few 
introductory remarks on the modern theory of electricity and magnetism, while the 
remaining chapters (II to VII) cover the following topics: elementary charged 
particles, electromagnetic radiation, waves and particles, the hydrogen atom, 
atomic spectra, and electron distribution and the nucleus. The author has suc¬ 
ceeded in encompassing the whole field of atomic physics in an exceedingly small 
space, with the result that the individual topics are condensed into very few pages. 
Not a word is wasted. If one considers that nearly every one of the hundreds of 
items mentioned could easily be expanded into a good-sized book, one can realize 
the fount of information contained in the volume before us. The extent of the field 
covered necessitated extreme brevity in the presentation of the material. How¬ 
ever, some important developments as, for example, Rutherford’s experiments on 
the scattering of alpha particles are given more space, and in this respect the author 
has chosen with great care and wisdom the important topics on which modem atomic 
physics rests. Nuclear physics is dealt with adequately, considering the fact that 
the aim of the book is to introduce students of physics and chemistry into this par¬ 
ticular branch of physics. The short treatment involved in so many of the topics 
should give the teacher ample opportunity for expanding the material in his lec¬ 
tures. The book certainly should form a valuable guide and frame-work for the 
section of physics which it aims to develop. The style and presentation are very 
Indd, and not only beginning students but also the reader who already has a good 
background of modern physics and chemistry will enjoy reading the book in order to 
review the topics given. 


Obo. GxiOOKleb. 
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The Phyeical Examination of Metals. Vol. L Optical Methods. First edition. 

By Bruce Chalmbbs. 176 pp. New York: Longmans, Green and Company, 

im. Price: $4.00. 

The author makes no claim to have prepared a complete treatise on this subject; 
however, he has illustrated well all of the fundamental optical methods used for 
metals. The book is not a treatment of optical metallography alone, as the title 
might imply, but covers all opticalmethods which might be used for many materials 
other than metals. 

From Chapter I, the introduction, we get an idea of the properties of light, the 
visible spectrum, and the electromagnetic spectrum. In Chapter II, “Geometrical 
Optics,“ may be mentioned such subjects as measurement of reflectivity, fluores¬ 
cence, and the optical properties of thin films. 

Two chapters are devoted to the subject of wave optics. In the first, “Interfer¬ 
ence,” we find parallel and inclined plate systems and the Michelson interferometer 
discussed with such applications as Newton’s rings, measurement of elastic moduli, 
precision extensometer, dilatometers, micro-topography, micro-interferometer, 
colors of oxide films, etc. The second chapter, “Diffraction,” treats of diffraction 
by edge, slit, and wire; diffraction grating, measurement of mesh; measurement of 
size of powder; and resolving power of microscope, touching upon ultraviolet micro¬ 
scopy. 

In Chapter V, “Polarized Light,” the most important applications seem to be 
in the determination of microstructure and the presence and nature of inclusions. 
The book closes with a discussion of sources of light, with some reference to radia¬ 
tion pyrometry, spectrographic analysis, and photography. 

One need not be an atomic physicist to be able to read the book. A layman or 
the average scientist can profit considerably by studying this volume and applying 
the fundamental concepts of light to his own problems so as to extend his particular 
branch of science. The author points the way for the use of many of these methods 
in practice. The book is written systematically in a clear and concise manner and 
is well indexed. Dr. Chalmers has accomplished a good job and is to be con¬ 
gratulated. 

Ralph L. Dowdell. 

Statistical Thermodynamics. By R. H. Fowler and E. Guggenheim. London: 

Cambridge University Press, 1939. 

To readers of Professor Fowler’s treatise. Statistical Mechanics^ this work will 
need neither introduction nor recommendation, since in essentials it is a revised 
version of the most important portions of the earlier treatise. In scope it is roughly 
that of Statistical Mechanics, with the exclusion of the astrophysical problems and 
with the inclusion of much new material particularly of chemical interest. Even 
though it does not altogether supersede its predecessor, the present work will un¬ 
doubtedly find even greater favor and usefulness as a reference source. 

The changed title may seem a little misleading, particularly to American readers, 
since it suggests that the book covers both statistical mechanics and thermody¬ 
namics. This is true only insofar as statistical methods are used for the computation 
of thermodynamic functions, but thermodynamic arguments per se are not used. 
To the present reviewer it seems a little regrettable that a short treatment of the 
mathematical structure of thermodynamic equations was not included, as it would 
have materially enhanced the pedagogic features of the book. But this is only a 
very minor point, 

The approach to statistical mechanics through the so-called “Darwin-Fowler 
method” has been somewhat simplified, and the reader will probably need some 
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preliminary acquaintance with wave mechanics in order to follow it successfully^ 
but on the whole it makes distinctly easier reading than in the earlier editions. 

It would be impossible to indicate in any detail the many additions and revisions 
which have been made in the material over the second edition of Statistical Afs- 
chanicSf and it will probably suffice to point out only the major items. 

The important chapter on ''Chemical Equilibria, Evaporation and Nemst's 
Theorem’’ has been considerably simplified and promises to be much more useful 
than formerly. The systematic discussion of chemical constants and their collection 
into easily accessible formulas will be especially appreciated. 

A new chapter on "Grand Partition Functions” does much to clarify the nature 
of the choice of the unit system in statistical mechanics. 

For the problems of physical chemistry, the chapters on liquids, electrolytic 
solutions, and surface layers are probably among the most important. They include 
much new material from the literature, and are thoroughly up to date. To the 
reviewer’s knowledge the discussion of the present status of the theory of the liquid 
state is the best obtainable anywhere. 

The discussion of the order-disorder theory of lattice imperfections, which for¬ 
merly occupied a minor place, has been expanded into a long chapter and gives a 
particularly interesting discussion of the various methods of attack which have 
been used in this field. In view of its recent successful applications to a number of 
problems, there is every reason to believe that this theory will become of increasing 
importance in the near future. 

The reviewer is painfully aware of the inadequacy of a review in covering even 
the essentials of a book of this character. It is all too rarely that the scientific 
literature is graced by a work of such wide scope, and yet one in which the material 
has been so well digested. It is not presumptuous to recommend this book above 
all others to the serious reader, for it has no competitors in its own field. 

E. L. Hill. 

Rutherford (being the Life and Letters of the Right Honorable Lord Rutherford). 

By A. S. Eve. 460 pp. New York: The Macmillan Company, 1939. Price; $5.00. 

The shock which the world felt in October, 1937, at the death of Rutherford, the 
greatest experimental physicist of modern times, inevitably left the feeling that 
something besides his monumental work should survive,—be left in living memory 
of the noble spirit and the great soul that were his. No one who ever came within 
the charmed circle of his magnetic personality could forget the experience. To 
those who were not so fortunate, the present letters will be the next best substitute. 
By their skillful selection and arrangement they almost reproduce the living 
Rutherford, 

The scientific world is indebted to Lady Rutherford for the preservation and 
selection and to Professor Eve for the reproduction of the letters which carry Ruther¬ 
ford in a natural transition from his early boyhood in New Zealand to a glorious 
climax in Cambridge. 

But let no one think it is possible to separate his work and his personality. If 
anyone ever lived his work every hour of the day, every day in the year, it was 
Rutherford. It breathed in everything he said or wrote or did. 

And to those who have lived through the development of radioactivity, these 
letters are a delightful review of its entire history. They furnish the personal touch 
of great ideas in the making. So intimately was Rutherford associated with each 
step and so skillfully has Professor Eve supplied the essential connections that 
nothing is lacking to complete the story from atomic disintegration through the 
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radioactive families, the displacement law, the nucleus, artificial disruption, the 
neutron, artificial radioactivity, and even the prediction of fission. 

Many snatches of delicious humor are scattered through the four hundred pages. 
The indescribable picture of Rutherford in the early days at Montreal sitting before 
the electroscope with a pair of round cuffs prominently in view, borrowed for the 
picture from one of the students. His own sense of humor frequently comes to 
light. Jacques Loeb, whom he met in California, he describes as a ‘'worse enthusiast 
than I am.*^ On hearing a student from another university claiming his professor 
had stolen his ideas without giving due credit, he admonished, "Well, it never does 
to quarrel with your Mother's milk." Again his delightful arraignment of a col¬ 
league, the Professor of Philosophy, "When you come to think of it, Alexander, all 
that you have said and all you have written during the last thirty years—what docs 
it amount to? Hot air! Hot air!" And Alexander's reply accusing Rutherford of 
being a noble savage and advising him to continue so. 

Rutherford always delighted in twitting chemists and poking sly fun at chemistry. 
The tables were turned when in 1908 he was awarded the Nobel Prize in Chemistry. 
In his address of acceptance he said he had "dealt with many rapid transformations, 
but the quickest he had met was his own transformation in one moment from a 
physicist to a chemist." 

During the World War and again in his later years, he devoted much time to 
public service; he organized a national institute for the acquisition and distribution 
of radium for therapeutic use; he was adviser on industrial problems of first impor¬ 
tance to the empire; he injected new life into the meetings of the Royal Society and 
as its president rendered it invaluable service by his distinguished leadership. 

Rutherford's ashes lie beneath the flagstones of Westminster Abbey, in exalted 
company, close beside Newton, Faraday, Maxwell, and Kelvin. But somewhere in 
freer space and outdoor air, in Cambridge or Manchester, in Montreal or New Zea¬ 
land, should rise a nobler monument in memory of the greatest experimenter and 
interpreter of physical phenomena of all time. 

S. C. Lind. 

Some Problems in Adsorption. By J. K. Roberts, x -h 120 pp. London: Cam¬ 
bridge University Press; New York: The Macmillan Company, 1939. Price: $2.00. 

This book is one of a series of Cambridge Physical Tracts, the aim of which is to 
provide authoritative accounts of subjects of topical interest by those actively 
engaged in research. 

Generally speaking, this book deals with the development of new experimental 
and theoretical methods for the study of adsorption of gases on solids. Dr. Roberts 
has conclusively shown that the accommodation coefficient of helium or neon may be 
used as a measure of the extent to which metallic surfaces, particularly tungsten, 
are covered with adsorbed layers of gases. Dr. Roberts and coworkers have con¬ 
fined themselves to simple systems where the composition of the substrate is defi¬ 
nitely known and which can be reproduced and kept free from impurities. The 
results indicate in a very striking manner the difference between adsorption on a 
perfectly clean surface and on one already coated with a film of impurities, as will 
be the case in most adsorbing materials as ordinarily prepared. Professor Roberts 
has also developed a new technique for the experimental study of heats of adsorption 
and the extent to which adsorption occurs on a clean surface by using the adsorbing 
wire as a calorimeter. 

The mathematical theory of the heat of adsorption with interaction between the 
adsorbed particles has been worked out in detail for both mobile and immobile films. 
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This research has been particularly fruitful in providing experimental evidence which 
is reliable enough to be useful in testing such proposed theories. 

The tract is really a collection of the various recent publications of Dr. Roberts 
and coworkers in the Laboratory of Colloid Science at Cambridge, together with a 
complete set of references to related works. 

The reviewer considers Dr. Roberts’ work to be the most significant fundamental 
research on adsorption in progress at the present time. This book should be read 
by every one who is interested in the problem of adsorption. 

A. B. Van Cleave. 

Casein and its Industrial Applications. By Edwin Sutebmeister and Frederick 
L. Browne. Second edition. 405 pp. New York: Reinhold Publishing Cor* 
poration, 1939. Price: $6.50. 

Rapidly increasing use of casein in American industry, coupled with many im¬ 
portant technical developments in its production, made it desirable to rewrite this 
monograph. One or the other of the authors, sometimes with collaboration, has 
written seven of the thirteen chapters. The other six have been contributed by 
experts in their respective fields. There has been a rearrangement of chapters which 
makes the presentation of the subject more logical. Chapter I—“Casein in Milk 
and its Isolation”—is new and is a better opening chapter than the one on the “Or¬ 
ganic Chemistry of Casein” which introduced the first edition. The chapters on 
casein in food and casein in medicine, of the first edition, have been combined into 
one and a new chapter on casein in leather has been added, with the result that this 
edition is much improved. 

Those interested in the subject will find that the material of the earlier edition 
has been considerably expanded. They will also welcome the more extensive cita¬ 
tions to the literature, including references to many patents. It is the opinion 
of the reviewer that this edition will be found to be a good deal more useful than the 
earlier one. The printing is good and the illustrations are well chosen. It can be 
recommended to those interested in this important protein. 

L. H. Rbysrson. 


ERRATA 

Volume 44) Number $, February, 1940 

Page 211: The sentence beginning in line 25 should read as follows: “The molecular 
weight of D2O was taken as 1.1117 times that of ordinary water.” 

Page 267: The last line in column 2 of table 1 should be 1.0938 instead of 0.9938. 



GAS IMPERFECTION. I 

Experimental Determination of Second Virial Coefficients for 
Seven Unsaturated Aliphatic Hydrocarbons 

EDWIN K. ROPERi 

Department of Chemistry^ Harvard University^ Cambridge, Massachusetts 
Received January S, 1940 

(ias imperfection data provide information for the correct calculation 
of many thermodynamic quantities when such accuracy is required that 
the approximation pV = RT cannot be employed. Considerable data 
are available for high pressures, but the low-pressure range has received 
comparatively little attention. There has been some work done on low- 
pressure data of state for molecular compounds (e.g., 8, 9, 16, 22, 33) and 
for the elementary gases utilized in gas thermometry (12). Recent theo¬ 
retical work (4, 10, 13, 17) in quantum and statistical mechanics has given 
rise to methods whereby the second virial and its temperature coefficient 
may be calculated, providing the law of molecular force is known; however, 
for complex polymolecular compounds the subject is not in an advanced 
stage. 

A gas imperfection study has been undertaken over a temperature range 
for seven hydrocarbons: namely, ethene, propene, propadiene, 2-methyl- 
propene, 1-butene, ^rans-2-butene, and m-2-butenc. This provides an 
unusually interesting group, since it contains members of an homologous 
series four of which are isomers, two being of a simple cis-irans type. 

EXPERIMENTAL PART 

The method of gas density measurement at 0®C. developed for the 
evaluation of atomic weights was extended so that a range of —SO® to 
+80®C. could be covered. This method consists in filling an evacuated 
globe of known internal volume with the gas under measured conditions 
of pressure and temperature, the mass of the contained gas being deter¬ 
mined by the difference in weight of the evacuated and filled globe, making 
use of an almost identical counterpoise in the weighing process. The 
four quantities involved in the determination, y, p, T, and w, which are, 
respectively, the specific internal volume of the globe in cubic centimeters, 
the pressure in millimeters of mercury, the temperature in ®K., and the 
mass of the contained gas in grams, are capable of being measured with 

‘Present address: Stanolind Oil and Gas Company, Tulsa, Oklahoma. 
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high accuracy. References (1, 2, 25, 34, 35) should be consulted for 
details of technique for a temperature of O’C. 

Four different globes of Pyrex glass were utilised, with special stop¬ 
cocks sealed to two of them. These special cocks had provision for ex¬ 
hausting a small bulb on the bottom end of the barrel (see 86, figure 1), 
so that the force of the atmosphere tended to seat the plug at all times; 
this type proved advantageous when compared with a plain type. The 
intemtd volume of each globe was found from the wei^t (to milligrams) 



Fig. 1. Schematic representation of apparatus for determination of gas molal 
volumes over a temperature range. The apparatus may be exhausted through cock 
S3. The globe H may be exhausted via S4-S5 without disturbing the contents of the 
mainline. Gas may be added or withdrawn through SI. The traps C must always 
be as cold as, and preferably somewhat colder than, globe H, otherwise mercury 
vapor will condense in H if it is below room temperature. The globe is shown in 
position in an ice bath, the aluminum sheet G serving to keep the bore of cock S6 at 
the temperature of the bath, since it was not considered advisable to immerse S6 
in the bath fluids. 

of the contained water, at least two determinations being cmried out, 
generally at Mo different temperatures for each filling. The internal 
volume was known to ± 0.002 per cent or better. The external volumes 
were ascertained by weighing in water and in air.* For each globe, an 
almost identical counterpoise was constructed. The variation of the 
internal volume of the globes with pressure was taken from the experi¬ 
mental values on Pyrex globes of Baxter and Butler (3) of these Labora¬ 
tories; the globes used in this work were very similar to theirs. The varia- 

* Dr. A. Q. Butler kindly allowed the use of apparatus for weighing in water. 
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tion in the internal volume of the globes with temperature was calculated, 
employing the results of Buffington and Latimer (6) on the coefficient of 
expansion of Pyrex glass. Determinations made in the temperature range 
0® to 30®C. agreed sufficiently well with the calculated values to indicate 
that no appreciable error would be introduced by such a calculation. The 
largest correction in the globe volumes which needed to be made for the 
p-V-T data for the pressure effect was 0.007 per cent and for the tempera¬ 
ture effect 0.08 per cent. One of the globes had a nominal volume of 284 
cc. and the three others co. 520 cc. 

Weighings of the difference between globe and counterpoise were made 
on an analytical balance to 0.01 mg., using the method of swings to ascer¬ 
tain the no-load rest-point, the balance sensitivity, and the load rest-point 
at the time of performing each weighing. All weighings, made with a 
standardized set of weights (26), were converted to a vacuum basis. As 
a general rule, the weights of the globes could be checked to ± 0.02 mg., 
so that the weight of the contained gas was known to ± 0.04 mg., corre¬ 
sponding to a mean error of =t 0.006 per cent. 

A 4-liter Dewar jug, the contents being vigorously stirred, was used as 
a container for a constant-temperature bath. Temperature control was 
maintained by a bimetallic strip thermoregulator (modified) in conjunction 
with an FG-57 Thyratron tube and heating coil immersed in the bath 
liquid. Cooling was furnished by a mechanical refrigeration unit (see 
reference 31 for a description of the cooling cycle), or by dry ice for the 
lowest temperatures. The temperature of the cryostat could be held to 
around 0.02®C., and of the thermostat to somewhat better than this, for 
the short periods necessary for one determination. The temperature 
variation leads to an accuracy of about ±0.005 per cent. The measure¬ 
ments at 0®C. were made in the Dewar containing washed ice (28). 

A 25-ohm, coiled-filament type (24) platinum resistance thermometer 
was used for ascertaining the temperatures of the various constant-tem¬ 
perature baths, the thermometer coil resistance being obtained by means 
of an oil-thermostated, Mueller type, calibrated Wheatstone bridge. This 
thermometer and accessory apparatus and the details of standardization 
and of temperature scale establishment have been mentioned in previous 
papers (21, 28, 29, 31). For the standardization the temperatures of the 
fixed points above 0®C. were taken as specified by the International Tem¬ 
perature Scale (7) and for below 0®C. as determined by Heuse and Otto 
(11). The temperature measurements bracketed the pressure determina¬ 
tion and were recorded to 0.001®, the mean obtained and then rounded 
off to the nearest hundredth. The absolute accuracy is about 0.01® in 
the range --100® to -hl00®C,, owing to the uncertainty existing in the 
thermodynamic temperature of the ice point, which was taken herein to 
be 273.16®K. (32). 
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The pressure was determined to db 0.03 mm. (=h 0.06 mm. for pressures 
greater than 950 mm.) on an absolute manometer of 15-mm. inside di¬ 
ameter Pyrex tubing, with a high-grade cathetometer. Meniscus correc¬ 
tions (14) were determined for each observation. The final results are 
expressed in international millimeters (7) (int. mm.) of mercury. The 
above tolerance leads to a mean calculated precision of db 0.008 per 
cent. 

The hydrocarbon gases had been prepared by Professor Kistiakowsky 
and his coworkers of these Laboratories for their study of the heats of 
hydrogenation (18, 19, 20). Considerable data exist concerning their 
high purity (18, 19, 20, 21, 36). The ethene was dried and de-aerated by 
simple bulb-to-bulb distillations, while the remaining six hydrocarbons 
were rendered perfectly anhydrous by a physical process (27). The gases 
ethene, propene, propadiene, and ultimately 2-methylpropene were stored 
as such and the remaining substances were stored as liquid phase, in all- 
Pyrex-glass containers fitted with internal break-off seals operated by an 
external electromagnet. In view of the instability of liquid 2-methyl- 
propene (30), a freshly distilled sample was employed for the determina¬ 
tion. 

High-vacuum technique was used in all operations, with special care 
taken to remove,—and then to avoid contamination with thereafter,— 
air, water, and stopcock grease. The gas was admitted to the apparatus 
through cock Si (figure 1), the storage container serving as a temporary 
reservoir for the excess material. By the proper manipulation of cocks 
SI, S3, S4, S6, and S6 and through the application of refrigerant about 
tube A, the apparatus could be exhausted, the desired gas pressure built 
up, and the globe removed from the line or emptied of its contents without 
any loss of gas to the atmosphere. Thermal equilibrium of the globe 
contents was rapidly established; pressure readings were recorded 10 to 
30 min. after equilibrium was attained. 

Adsorption and precondensation might be presumed to exist in the 
interior of the globes, since in some cases an almost saturated gas was 
contained therein. If such effects are present, they were undetectable 
with the present apparatus. Others (16, 22) have deduced that adsorption 
is not significant in such cases. The ratio of surface to volume in certain 
of the globes was different, but no difference could be found in the molal 
volumes determined in different globes. The effect of pressure was found 
to be within the experimental error, that is, the second virial coefficient 
was not a function of the pressure. These two effects are strong evidence 
that adsorption was not an appreciable factor. Indications from another 
project, on the density of the saturated vapors of the butenes determined 
by means of a gas density balance, were that such effects were negligibly 
^^aall. 
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TREATMENT OP RESULTS 


The equation of state applied is the virial form of Kamerlingh Oniies 
(10, 17) 


pV = *r + ^ + f.+f.+ 


( 1 ) 


where i, . . . are termed the second, third, fourth, . . . virial coeffi¬ 
cients, respectively, and are temperature-dependent only, the dependence 
generally being expressed by an equation of the form 

+ ^ + ( 2 ) 


A preliminary analysis of the data indicated that the use of the second 
virial only would be sufficient to express the results to the requisite pre¬ 
cision. This is equivalent to considering pair-interaction only in the 
theoretical treatment, the effect of a neighboring molecule upon the 
original pair-interaction being taken as insignificant. A least-square solu¬ 
tion for an equation employing both second and third virials for tran8-2- 
butene, as an example of a molecule exhibiting large imperfection in which 
instance the third virial might be expected to become relatively important, 
showed that about the same correspondence of the equation with the 
observed results was obtained as when the second virial only was con¬ 
sidered. Three constants in the temperature coefficient of the second virial 
were used, so that the complete equation of state as used herein becomes 

pV = RT + e/V = RT + l+ (3) 

This nomenclature has been employed in order to avoid any possible con¬ 
fusion with the second virial coefficient B in the equation 

pV -- RT +Bp (4) 

The collected data of m, p, t;, and T were transformed into p, F, T by 
the use of 1937 international atomic weights (C = 12.010; H = 1.0078). 
The values of fundamental constants used were: To = 273.16®K. (32), 
and Vo (the molal volume of a perfect gas at N. T. P.) = 22.414 dm.® (5). 
The units for the equation of state are therefore cubic decimeters, degrees 
Kelvin, and international millimeters; the value of the gas constant R on 
this basis becomes 62.362 dm.® X mm. Hg per degree per mole. Values 
of 6 were calculated from the equation 

e^pV^ - RTV (5) 

B being in the resulting units of mm. Hg X dm.® per mole.® The difference 
between 1 liter and 1 cubic decimeter being about one part in thirty thou- 
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273.16 

665.54 

! 24.649 

+0.013 

273.16 

! 692.37 

1 23.659 

-0.002 

273.16 

604.19 

1 27.264 

1 

-0.034 

273.16 

492.35 

j 33.690 

-0.074 

250.92 

258.86 

59.297 

+0.001 

243.^ 

166.21 

90.039 

+0.006 

Mean of thirteen. 



±0.088 

Mean of twelve 



±0.052 


ct«-2-Butenc 


343.10 

! 766.90 1 

i 27.756 

1 +0.075 

333.14 

689.12 

29.579 

j +0.111 

308.17 

822.36 

22.694 

i -0.007 

273.16 

629.29 1 

26.064 

i +0.147 

273.16 

638.76 

25.697 

+0.015 

273.16 

677.49 

28.566 

-0,111 

273.16 

677.69 

28.591 

-0.236 

259.94 

363.09 

44.816 1 

+0.000 

250.93 

236.91 

64.785 

+0.079 

Mean. .. 1 

:i:0.087" 
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sand (5), the difference between dm.* and liters may be neglected for the 
majority of purposes. A least-squares method applied to the 6-T data 
gave the values of the constants/, g, and h. A comparison made between 
the values of 0 (calculated) and 0 (observed) revealed any widely erratic 
value; in such an instance the erratic value was withdrawn from the least- 
square summation and a new set of constants obtained. Such a with- 



T.*K. 


Fig, 2. Second virial of ethene as a function of temperature. The points repre¬ 
sent the experimentally determined values and the continuous line the course of the 
developed equation. The point marked with a D was withdrawn from the first least- 
squares summation as being an erratic value, the equation as represented by the line 
not taking the erratic point into consideration. 



T'K. 

Fig. 3. Second virial of propene as a function of temperature 

drawal was necessary thrice in a total of fifty-two determinations. An 
analytical method has been adopted to show the type of deviations oc¬ 
curring in the observed and calculated molal volumes (table 1), and a 
graphical presentation to illustrate the correspondence in $ (figures 2 to 
7, inclusive). It will be noticed that as the individual substance studied 
becomes more complex, the deviation increases; it is possible that this 






GAS IMPERPEOTION 


843 



Fig. 4. Second virial of propadienc as a function of temperature The point 
marked with a D was discarded when deriving the equation represented by the line. 



Fig. 5. Second virials of 2-inethylpropene and of 1-biitene as funetioiis of tern- 
jMjrature. The smaller circles represent the values for 2-methylpropene and the 
larger those for 1-butene. The line represents both virials wit hin the accuracy with 
which they can be shown on this graph. 



T‘K. 


Pig. 6. Second virial of /ran«-2-butene as a function of temperature. The dotted 
line represents the course of the first equation derived, utilizing all points. The full 
line represents the second equation derived, when the point marked D was discarded. 






S44 


WWIN B. BOPBB 


mi^ be attributed to impurities. The bilker hydrocarbons are more 
difficult to obtain in a pure state. An uuJogous behavior was observed 
in the vapor pressure data (21); this reference should be consulted for a 
discussion of the possibility of a slight fractionation effect when trans¬ 
ferring gas in the apparatus, due to the use of refrigerants. Todd and 
Parks’ (36) estimate of the impurities in the three butenes (portions of the 



Fig. 7. Second virial of ci«-2-butene as a function of the temperature. It would 
have been desirable to plot the data of figure 6 on this sheet, but the result of so doing 
is confusing. 


TABLE 2 

Second virial temperature coefficient equation constants 


* - /+1 + 


HTDBOCABSOlf ^ 

/ 



TSlIPaBATDAB 

BANOS 

Ethene. 

+72. 

-953.58 

-3.3855 

•X. 

199 to 343 

Propene. 

-2906. 

-6,81 

-31.360 

223 to 343 

Propadiene. 

-2164. 

-114.7 

-86.509 

223 to 343 

2-Methylpropene. 

-1953. 

+62.16 

-93.500 

243 to 383 

l«Butene. 

-1802. 

+57.86 

-98.867 

243 to 883 

trans-2-Butene. 

-3680. 

+10.69 

-88.72 

243 to 883 

Cf 8-2-Butene. 

-771. 

+33.65 

-113.69 

251 to 843 


identical samples here employed) from the pre-melting heat capacity data 
was of the order of about 0.1 mole per cent. The mean calculated pre¬ 
cision is ± 0.02 per cent, the sum of the precisions in measuring v, m, T, 
and p in the moM volume. It will be noticed in table 1 that the molal 
vcdume of the simpler hydrocarbons has been determined to this precision. 
Li figures 2 to 7, inclusive, the tonperature ooefficirat of theseocmd vjrials 
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is shown plotted, the course of the developed equation being indicated by 
a line. In table 2 are given the constants, derived by least squares, for 
expressing the second virial coefficient as a function of the temperature. 

DISCUSSION 

The second virial is the difference between two very large numbers, as 
is evident from equation 5, so that even though the molal volumes have 
been determined with high precision, the relative error in B will be appre¬ 
ciable. It can be seen from table 1 that the equation of state represents 
the behavior very satisfactorily. There is very little data in the litera¬ 
ture with which a comparison can be made. The normal densities of 
ethene (25) and of propene (1) have been carefully determined in the 
interests of the atomic weight of carbon; table 3 shows a comparison with 
the data obtained in this research. Eucken and Parts (9) have deter- 


TABLE 3 

Molal volume at N. T, P. of ethene and of propene 



MOLAL VOLUMS AT 0*C. AND 1 ATMOSPHSRB IN LITBRB 

HYDROCARBON 





ThiB reaeRToh 

Others 

Differ«ioe 




psrcenl 

Ethene . . 

22.236 j 

22.267* (15, 26) 

-0.09 


i 

22.246t (34) 

-0.04 

Propene . ... 

21.984 , 

21.973 (1) 

+0.05 


* The maximum accurate value recorded in the literature, 
t The minimum value recorded. 


mined the second virial for ethene over approximately the same range as 
was taken in this work. The two sets of data are not in agreement at the 
lower temperatures, the difference being outside the limit of experimental 
error. 

For closely related compounds, such as the three pairs propene-pro- 
padiene, 2-methylpropene--1-butene and the m-<rans-2-butene8, the second 
virials and the temperature coefficients are similar. The similarity is most 
marked in the second-mentioned pair, for which the virials are indis¬ 
tinguishable within the experimental error over a temperature range of 
100®. The difference between the two geometric isomers is slight but 
apparent, while comparatively large differences exist between propene 
and propadiene. It should be noted that these differences are quite closely 
related to the differences in the normal boiling points (21) of the six com¬ 
pounds concerned. This subject will be treated in greater detail in a 
later paper. 
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SUMMARY 

A modified method of gas density determination is applied in order to 
obtain second virial temperature coefficients for ethene, propene, propa- 
diene^ 2-methylpropene, 1-butene, /rans-2-butene, and m-2-butene. The 
temperature range covered is from ca. 340®K. to the normal boiling point, 
with the exception of ethene for which the lowest temperature is 199®K. 
The original data of p-V-T are given. A comparison between the molal 
volumes calculated from the developed equations of state with those ex¬ 
perimentally observed indicates a mean deviation of =t 0.06 per cent. 
The second virial coefficients in an Onnes type equation of state were 
computed and the temperature coeflScient equation constants evaluated 
by a least-squares method. Graphs of the observed and calculated second 
virials over a temperature range are given. 

1 wish to thank Professor Arthur B. Lamb for his advice and for appa¬ 
ratus and material placed at my disposal. Professor George B. Kistia- 
kowsky and coworkers very kindly made available the hydrocarbon 
samples. 
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STUDIES ON SILICIC ACID GELS. X 

Thk Time of Set of Gel Mixtures Containing High Concentrations 

OF Mineral Acids 

(.HARLES B. HURD and RAYMOND W. BARCLAY 
Department of Chetnislry^ Union College, Schenectadij, New York 

Received December 19S9 
INTRODUCTION 

It has bcMui shown (4) that silicic acid gel mixtures show minimum,time 
of set with pH sliglitly above 7. Mixtures containing a high concentra¬ 
tion of strong acids also set rapidly (3). The optimum limits for sotting 
have been published (11), and also the curve for time of set against acid 
concentration (8). 

Former studies have shown that the time of set of slightly acid mixtures 
and the hydrogen-ion concentration follow a linear relation (10). The 
(effect of temperature was shown by a value of about 17,000 cal. for the 
energy of activation. 

In this paper are given the results of a study of the highly acid gel mix¬ 
tures, in particular, of the effect of pH and temperature on time of set. 

EXPERIMENTAL 

The technique used has been described in previous papers in this series. 
The solution of wsodium silicate prepared by diluting ‘‘E^^ brand silicate, 
from the Philadelphia Quartz Company, titrated 1.28 normal with standard 
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hydrochloric acid, using methyl orange. The pH was measured with a 
quinhydrone indicator, using a bright platinum wire (7). Time of set 
was measured by the tilted-rod method (9). 

EXPERIMENTAL RESULTS 

To conserve space, data are not tabulated, but are plotted in figure 1. 
A constant .concentration of silicate was used; the hydrochloric or sulfuric 
acid concentrations were varied. To give one example, the conoentra- 




Fio. 1. Relation between logarithm of time of set and pH for silicic acid gels 
containing hydrochloric or sulfuric acid at different temperatures. 


tions for the point on the 38.2®C. curve in figure 1 for pH = 0 are, in gram- 
moles per liter: SiOj, 0.67; NaCl, 0.40; and HCl, 1.65. 

From figure 1 new curves were constructed, showing the relation between 
the logarithm of the time of set and the reciprocal of the absolute tem¬ 
perature. The data picked off the curves of figure 1 are given in table 1 
and are plotted in figure 2. 

As previously explained (9), the slope of the curves of figure 2 multiplied 
by 2.30f2 gives the energy of activation. For gel mixtures containing 
hydrochloric acid, the energy of activation is about 11,000 cal., and for 
those containing sulfuric acid about 9000 cal. for these highly acid mixtures. 

Gel mixkires containing hydrochloric acid becune more yellow as the 





STUDIES ON SILICIC ACID GELS. X 


849 


TABLE 1 


The logarithm of the time of set of gel mixtures containing hydrochloric or sulfuric acid 
as a function of pH and temperature 


pH 

LOOTXMB 

At0.0*C. 

At26.0“C. 

At38.2*C. 

Hydrochloric acid gels 

-h0.02 

3.780 

3.061 

2.744 

-0.16 

3.232 

2.626 

2.250 

-0.31 

2.751 

2.121 

1.740 

-0.43 

2.428 

1.756 

1.462 

-0.51 

2.176 

1 1.532 

1.146 

Sulfuric acid gels 

0.96 


4.007 

3.586 

0.60 

4.204 

3.644 

3.220 

0.34 

4.008 

3.391 

3.000 

0.05 

3.601 

3.033 

2.703 

-0.31 

3.179 

2.578 

2.263 


These values are shown in figure 2 for the gels containing hydrochloric or sulfuric 
acid. 



Fio. 2. Relation between logarithm of time of set and reciprocal temperature in 
highly acid gels. 
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acid concentration increased. Those containing sulfuric acid were white 
and turbid. 

The quinhydrone apparatus gave steady and reproducible results up to 
pH = —0.5 for hydrochloric acid mixtures and to pH —0.3 for sulfuric 
acid mixtures. With higher acid concentrations variable results were 
obtained. 

At 0®C, a precipitate of sodium chloride appeared with higher acid con¬ 
centrations. It did no harm. 

Drift of pH, so troublesome with mixtures containing strong acids in the 
pH range 3,0 to 6.0, as already noted (6), caused little trouble at pH = 0. 
At higher pH values increasing drift was noted. The pH always showed 
an increase. 


DISCUSSION 

Briefly, the curves of figure 1 appear linear within experimental error. 
Even if the pH values here from quinhydrone are not really absolute, they 
arc relative. They show a linear relation. Note here, however, that the 
time of set increases with increase of pH, while with mixtures containing 
the strong acids, from pH 3.0 to 6.0, the time of set decreases with a pH 
increase (6). Figure 1 shows that a change of pH causes more change in 
time of set with gels containing hydrochloric acid than with those con¬ 
taining sulfuric acid. 

The energies of activation, -11,000 and 9,000 cal., -must be in error by 
less than 10 per cent. These highly acid mixtures show^ lower energies of 
activation than those with pH 3.0 to 6.0; therefore, temperature has less 
effect on the time of set of the former. 

In the least acid of these highly acid mixtures, a small pH drift was noted, 
always an increase. This disagrees with Batchelor^s (1) results, but agrees 
with those of Hanks and Weintraub (2) and with former results from this 
laboratory (6). 

This small drift of pH agrees with the theory explained by Hurd, Fred¬ 
erick, and Haynes (6), namely, that during condensation the silicic acid 
becomes successively weaker. The drift seemed larger here than one would 
expect. 

Formerly, in theories for a mechanism of setting of the gel, much men¬ 
tion has been made of the dehydrating effect of substances present. In 
refutation, Hurd and Carver (5) offered the failure of glycerol to accelerate 
setting. In the present paper, note that mixtures containing sulfuric 
acid at pH = —0.31, for example, set more slowly than those with hydro¬ 
chloric acid. 

The end product with gels containing sulfuric acid is white and milky. 
Possibly in the final gel the dehydrating power of sulfuric acid changes the 
state of the water bound or contained in the gel. 
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SUMMARY 

The effect of pH and temperature upon the time of set of very acid gels 
prepared from sodium silicate and either hydrochloric acid or sulfuric 
acid has been studied. 

For the range pH = +0.5 to —0.5, there is a linear relation between 
logarithm of time of set and the pH. In contrast to the analogous relation 
at pH = 3, to 6., the time of set increases with increase of pH. 

A rise of temperature decreases the time of set for these highly acid gels, 
as is the case in the pH range 3.0 to 6.0. With these highly acid gels the 
energy of activation is 11,000 or 9,000 cal., respectively, for gels containing 
hydrochloric or sulfuric acid. 

In spite of the greater dehydrating power of the sulfuric acid, gel mix¬ 
tures containing it set somew+at more slowly than those containing hydro¬ 
chloric acid. The first-named gels are milky; those containing hydro¬ 
chloric acid are clear and yellow in color. 
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THE YELLOW AND RED ZINC SILK^ATE PHOSPHORS 
GORTON R. FONDA 
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Zinc orthosilicate, activated with manganese, emits a fluorescence which 
lies in the green. The reaction leading to its formation is catalyzed by 
several foreign salts. All of them prevent the attainment of normal bright¬ 
ness and in that respect they are undesirable. In another respect, however, 
they have a unique value in that they facilitate the formation at a low 
temperature of a zinc silicate which fluoresces yellow. The most effective 
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of Hkeae salts are tlie chlorides. In a study (rf the remdte produced by tlMnn 
and of the spectml distribution of the phosphors formed (2), it was found 
that the fluorescence shifted from yellow to the normal green as the reac¬ 
tion was accelerated by increasing the concentration of the chloride. This 
change in color was accompanied by an increase in brightness. The yellow 
silicate was regarded therefore as the product of an incomplete reaction. 

Becent tests have yielded more definite information as to its constitu¬ 
tion. It was found that the yellow silicate might be formed even in the 
absence of a catal 3 nst but only at an exceedingly slow rate. In the pres¬ 
ence of any neutral chloride, however, the yellow phosphor was formed in 
a rapid reaction at 850”C. It was even formed at a moderate speed by 
introducing the manganese activator as the chloride, instead of the more 
usual nitrate or oxide. Potassium chloride proved to be the best catalyst. 

The further observation was then made that the yellow silicate pre¬ 
pared at 850'’C. is identical with that obtained by fusion and fairly rapid 
cooling, a method used successfully by Gruhl (6). Gruhl prepared also a 
zinc silicate fluorescing red. The distinctive emission of both the yellow 
and the red silicate he ascribed to the occurrence of allotropic forms of zinc 
silicate. The present experiments, however,—^both those at 850®C. and 
those at a fusion temperature,—make it evident that it is the existence of 
the phosphors as amorphous complexes which accounts for the peculiarities 
in their emission. The features of their preparation and the character of 
their x-ray diffraction patterns are described below. From these the con¬ 
clusion was formed that the yellow phosphor is essentially an amorphous 
complex of zinc oxide and silica in the orthosilicate proportions, and that 
the red phosphor is an amorphous complex of zinc oxide with an amount 
of silica in excess of the orthosilicate proportions. ‘JfluB is in contrast to 
the normal phosphor fluorescing green, which is crystalline zinc orthosili¬ 
cate. 


zmc SILICATE FLUOSBSCINO TELLOW 
Preparation at 86(PC. 

A zinc silicate phosphor is generally prepared by firing a mixture of 
zinc oxide, silica, and manganese at a temperature of 1000-1300®C. Its 
fluorescence is green, regardless of proportions mid particle size of in¬ 
gredients, and of time of firing. It is always crystallized in the form of 
the orthosilicate, ZntSi04. This is the only known compound and its 
composition is made up of 2 moles of zinc oxide to 1 mole of sUica. When 
a mixture of these oxides at this propcniion is fired at 850®C., a tempera¬ 
ture St which the reaction is extremely tiuggitii, no other product can be 
obtiuned under any conditions than the crystalline <me fluorescing green. 
It is invariably the same, both with and without catalysts and with either 
fihe or coarse ingredients. Even at so shcurt a tkne cd firing that the first 
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appoaranco of fluoresoonco is just dimly observable, the peak of fluon^s- 
eenee still li(\s in th(' grcHUi wh(‘nev(*r the inp^redicuits are in the orthosilirate 
proportions. It is only when ('ither zinc oxide or silica is in (*xc(\ss that th(! 
peak of fliior(\se(*nce shifts to the yellow. 

The use of a catalyst reduces the time of reaction from hours to minutes 
and almost double's th(' intensity of the ultimate* fluorese’ence obtainable*. 
Tiie halides are* the* me)st ae*tive catalysts. The chle)ride*s e)f e*admium 
and zinc have already be*e*n mentioned. Still more effee'tive* are the* potas¬ 
sium, se)elium, and calcium chloride's and pe)tassium fluoride. Their ac¬ 
tivity ine*re*ases with their concentration. The yellow silicate can be 
forme'd only by limiting their conce'iitration, for at teje) high a value enily 
the* green silie*ate^ is formed. 11 is nece*ssary also to limit the time e)f reae*- 
tion, for, if it is unduly prole)nge*d, the ye^llow silicate* j)asses e)ver into the 
nie)re* normal gree*n. Potassium chleu’ide yielded the best ejiiality e)f ye*lle)w 
phosphe)!- and was use*d at a concent rat iem e)f 15 per e*e*nt with a firing 
perie)el e)f 40 min. Chle)ride*s are* se)lve*nts fe)r zinc silicate, and their cataly- 
tie* activity can there'fem* be re*garele*el as due* to a removal of the silicate 
shell that forms as a barrie*r be*t we*e*n re*ae*ting oxide particles. The chloriele* 
eloes not e*nte*r into the constitution of the* phe>s])hor, for it could be dis- 
se)lve‘d e.)ut ce)mple*te*ly after the firing withenit altering the* properti(*s c\ce])t 
te) raise slightly the* inte*nsity of fluorese*e*ne*e*. 

Althenigh the* ye'lleiw pheisjiheir could be obtaiiu'el with an e*xcess of zine* 
eixiele, the* re*actie)n in that case was sluggish and the* brightne*ss attainable 
was leiw. An e*xe*e*ss eif silica yie*lde*el a much better preielue*!. The* most 
faveirable* jiropeirtions lay be'twe*e*n 2 te) -4 mole*s of silie*a te) 1 meile* e)f zinc 
oxide*. 

The* fine’iu'ss of the silica use*d was im])e)rtant. When the re*ae*tive mix¬ 
ture was pre*|)areel from a colloidal gel forme'el from a solutiein e)f zine; and 
mangane'se* nitrate's in e'thyl silie*ate*, the sp(*e*d e)f the ivaction was incre*ase*d 
anel meist of the ])re)duct fe)rme*el e*e)nsiste*d of the e*rvstalline* gre'e*n silicate*. 
It was e)nly by a radical decre*ase* in firing tem])erature* e)r in catalyst 
ce)ne*e*ntratie)n that the inire ye'llow silicate could be feirme'd, and the*n only 
at a rediK'e'el intensity e)f fluore*se*e*ne*e. 

The* streinge'st flue)re*vsce*nce* e)f the yelle)W pheisphor, ame)unting to 45 ))er 
cent of the* stanelard gre*e*n zinc silicate, was obtaine'd by using a mixture of 
pre'cipitated zine* oxide* either with precipitate*el silie*a or with ground quartz. 
The* eiptimum cemcentratiein e)f mangaiu'se lay in the* range* e)f 0.4 to 1.2 
per e^ent. An ine‘n*ase* to 2.5 pe*r e*ent lowere*eI the* brightne*ss but did not 
shift the* e*ole)r of the* fluoresce*nce. The spe'e*tral distributiein e)f several of 
these* i)he)sphors was photographed by H. Huthsteiner of this laboratory. 
It is shown in figures 1. 

X-ray diffraction patterns of the* preiducts involve*d were obtained 
through the courtesy of 1j, L. Wyman and E. T. Asp of this laboratory. 
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They showed that the yellow silicate is entirely distinct from the green. 
Patterns of typical products are shown in figure 2. Pattern (a) is that of 
the pure orthosilicate, Zn 2 Si 04 , and is the same for the synthetic product 
as for natural willemite, except for the slight distortion produced in the 
lattice by the presence of more or less manganese (2). Pattern (b) is that 
for a product obtained by firing at 1300°C. a mixture of 1 mole of zinc 
oxide and 2 moles of silica with 0.6 per cent of manganese. Its fluorescence 
is, of course, green. Despite the presence in it of 3 moles of silica to 1 
mole of the orthosilicate, its pattern is identical with i)attern (a) except 
that two weak lines of silica appear. This is mad(' evident by comparison 
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Fig. 1. Spectral distribution of fluorescence of zinc silicate phosphors, (a) 
(Jreen phosphor, prepared at 1530°C. by slow cooling; (b) yellow phosphor, f)rcpa?’ed 
at 85()®('. with potassium chloride; (c) yellow phosphor, prepared at J530°(^ by rapid 
coeJing; (d) red phosphor, prepared at 1530°C. by quenching. 


with (c), the pattern of pure silica which had been fired likewise at 13()0°C. 
The same silica pattern was also obtained by firing at 850^C. It is the 
pattern of cristobalite. Washburn and Navias have shown that this is th(^ 
crystalline form into which amorphous silica or quartz is first converted by 
heating, regardless of the temperature employed (6). It is noteworthy 
that the lines of the orthosilicatc should predominate so strongly in pattern 
(b) despite the presence of such a large excess of silica,—3 moles of the 
latter to 1 mole of the former. The relative weakness of the silica lines is 
due to the lower atomic number of silicon as compared with that of zinc. 
When this same mixture was fired at 850®C. under conditions to yield the 
green phosphor, its pattern was found to be identical with (b). 
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Pattern (d) is that of the same mixture of 1 mole of zinc oxide with 2 
moles of precipitated silica which had been fired at 850®C. with potassium 
chloride to yield the yellow phosphor. The potassium chloride was 
washed out before the diffraction pattern was taken. The noteworthy 
feature is that its pattern is identical with that of cristobalite, as shown by 
comparison of (d) with (c), with no alteration in spacing and with no evi- 



Fig. 3. Phase diagram for the system zinc oxide-silica (from Bunting (1)). 

dence of either zinc oxide or zinc silicate. There is, however, considerable 
diffuse scattering present on the film, and this is of necessity to be as¬ 
cribed to a zinc compound of very fine particle size. 

When a mixture having the same proportions was made up with pow¬ 
dered quartz rather than with precipitated silica, the same yellow phosphor 
was formed, but the pattern was radically different. It is shown in figure 
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2(f). Again thsre is considerable diffuse scattering and an absence of 
lines pertaining to any zinc compound, but the crystalline pattern is in 
this case that of quartz, as brought out by comparison with (e). When 
quartz alone was fired at 850®C. for as long a period as 14 hr. the quartz 
pattern was still retained. 

Thus it is found that the same yellow phosphor is formed in the presence 
of an excess of silica, whether the silica be present as cristobalite or as 
quartz, and that liie x-ray pattern shows no lines of any zinc compound, 
although the presence of any in a crystallized form would yield a predomi¬ 
nating pattern of lines. The direct conclusion is that the silicate is present 
as an amorphous complex of zinc oxide and silica in the orthoralicate pro- 
porUons. Such a complex is the only possible source of fluorescence emis- 
don, for products obtained by firing zinc oxide or silica alone with man¬ 
ganese and potassium chloride were non-fiuorescent. 

When the same yellow phosphor was prepared by firing similarly a 
mixture containing an excess ot zinc oxide, its pattern showed only the 
lines of zinc oxide, as is seen by a comparison oi (g) and (h) in figure 2. 

This phosphor has the same spectral emissivity as the “zinc meso-disil- 
icate” which was reported by Randall (4) and for which the peak of fluo¬ 
rescence lay at 6030 A. It seems probable that the two have the same con¬ 
stitution. 

Fusion preparations 

The materials were fused in a covered platinum crucible heated by a 
blast lamp in a Hempel furnace, consisting of a series of concentric cylin¬ 
ders so arranged that the hot combustion gases passed downward over 
tiie outside of the crucible. This secures both uniformity and intensity of 
heating. The temperature of the crucible was held at 1530°C. for 5 min. 

Gruhl’s method of varying the speed at which the crucible was cooled 
was followed. Under slow cooling the resulting phosphor at all com¬ 
positions emitted green fluorescence and exhibited the diffraction patterns 
characteristic of zinc orthosilicate, such as shown in figure 1 (a and b). 
The yellow pho^hor was obtained when the fused mass was eooled fairly 
rapidly, such as by removal of the crucible from the hot furnace' to cool 
in the open air. A temperature drop to 1100°C. occurred in about 5 sec. 

The yellow phoq>hor could be obtained at all proportions of zinc oxide 
and mlica, including an excess of either one. The hipest intensity re¬ 
sulted from the use of a mixture of 1 mole of each, with 0.4 to 1.2 per cent 
of manganese. Its fluorescence was 66 per cent of that of the normal green 
s^oate. The qjectral distribution of fluorescence is shown in figure 1 (c). 

In the case of an excess of silica, the (hffraction pattern was identical 
adth that of figure 2 (c), showing no lines but those of cristobalite. There 
was, however, a strong background of diffuse scattering. The result was 
the 'Z f™i whether the mixture was made up from powdered quartz or from 



858 


GORTON R. FONDA 


precipitated silica. Each of these forms of silica yielded cristobalite 
when heated alone at 1530®C. for 5 min. 

The same pattern made up of diffuse scattering with lines of cristobalite 
persisted when the phosphor was prepared from a mixture having the 
orthosilicate proportions and even when the green orthosilicate phosphor 
itself was given the same thermal treatment. There is evidently some 
decomposition at the temperature of fusion. Measurements on changes 
in weight showed that there is a slight evaporation of zinc. 

When the phosphor was prepared from a mixture containing a small 
excess of zinc oxide, the diffraction pattern was made up mainly of diffuse 
scattering with a few broken lines which included some of zinc oxide and 
some of cristobalite, indicating again the presence of both constituents in 
the liquid melt. The character of their lines denoted that there was very 
little crystalline material present. 

When zinc oxide or silica alone was fired at 1530°C. with 1 per cent of 
manganese, the resulting product was devoid of fluorescence. 

The direct conclusion is therefore the same as from the tests at 850®C.: 
namely, that the fluorescence of the yellow phosphor is emitted by zinc 
silicate and that this silicate is in the foim of an amorphous complex of 
zinc oxide and silica in the orthosilicate proportions. 

In the absence of any excess zinc oxide, the phosphorc‘8ccnc(‘ decay of 
the yellow phosphor is of the same character as that of the green phosphor. 
The presence of excess zinc oxide, however, in either the green or the yellow 
phosphor serves to accelerate greatly the second stage of decay (3). 

ZINC SILICATE FLUORESCING RED 

In the case of preparations at 850®C. there were occasional small particles 
fluorescing red, insufficient in amount for examination. By fusion at 
1530®C., however, the entire product could be converted into a red phos¬ 
phor by extremely rapid cooling, sufficient to reduce the temperature to 
1100®C. in about 1 sec. This was secured either by quenching in water or 
else by extinguishing the gas of the blast-lamp so that the crucible was 
suddenly subjected to a blast of cool compressed air. It was impossible to 
obtain the red phosphor from mixtures having the proportions of the ortho¬ 
silicate or containing excess zinc oxide. In these cases, only the yellow 
phosphor resulted. The red could be obtained only from mixtures which 
included 1 mole or more of silica in excess of that demanded by the ortho¬ 
silicate proportions,—a significant feature. The intensity of fluorescence 
was only 5 per cent or less of that emitted by the standard green silicate. 
Its spectral distribution, as shown in figure 1 (d), has a peak at about 6700 
A. ; the cut-off at about 7100 A. is due to lack of sensitivity of the emulsion. 

Randall (4) has measured and discussed the spectral distribution of 
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fluorescence emitted at 90®K. by various manganese halides as well as by 
phosphors containing manganese and has attempted to relate the fluores¬ 
cence of the latter to that of the pure manganese salts. Several of the 
phosphors emit fluorescence whose peak lies at about the same location 
as does the fluorescence from the manganese salts, namely, 5925-6360 A. 
The fluorescence of others measured by him lies at shorter wave lengths. 
From the Randall viewpoint, the fluorescence of the red zinc silicate phos¬ 
phor would seem to be anomalous, for its peak lies at about 6700 A.,— 
longer in wave length than that of the pure manganese salts. Such dif¬ 
ferences are significant, but they cannot properly be evaluated except as 
considered with reference to the excitation frequency. A characteristic 
essential in the emission of all solid phosphors is that the peak of their 
fluorescence should be at a longer wave length than that of the exciting 
radiation. Some of the energy of an excited electron is dissipated as 
emission in the infrared by means of the proximity of other ions contiguous 
to the parent ion of the excited electron. The energy emitted within the 
visible range is therefore reduced so that the fluorescence is displaced to 
longer wave lengths. The extent of the displacement depends upon the 
magnitudi' of the energy interchanges between the excited electron and the 
lattice. So far as an electron excited from a manganese atom is concerned, 
these interchanges arc just as prevalent in a pure manganese salt as in 
the compound of any other metal whose manganese content is limited to 
that of an impurity. The variation of such losses with the nature of the 
compound gives rise to a variable dissipation of excited energy and hence 
to the differences in fluorescence color found in diverse phosphors all of 
which contain the same activator. 

The diffraction patterns of the red phosphor always showed strong dif¬ 
fuse scattering. With 3 moles of excess silica, a few faint lines of cristo- 
balite appeared, which were the same in number and location whether 
the silica was introduced in the precipitated form or as (piartz. The most 
favorable mixture contained 1 mole of excess silica. With this mixture, 
whether the silica was present in the precipitated form or as powdered 
quartz, there were not even the faintest lines observable on the films. The 
essential source of the fluorescence therefore is an amorphous complex of 
zinc oxide \vith an amount of silica in excess of that required for the 
orthosilicatc proportions. 

Gruhrs pattern for the red phosphor is best disclosed in the Handhiich 
der Phyaik (5). It shows only four lines, and these cannot be identified 
as pertaining to any of the substances involved in the reaction. His 
assumption that they denote an allotropic form of zinc silicate could not 
be justified by our own work. It seems apparent that they are the lines 
of some chance impurity. 
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REVIEW 

The conclusion has already been stated that the yellow phosphor is an 
amorphous complex of zinc oxide and silica in the orthosilicate propor¬ 
tions. The grounds for this are as follows: 

1. Zinc silicate is the source of fluorescence. A phosphor could not be 
obtained from zinc oxide or silica alone. 

2. The diffraction patterns show strong diffuse scattering, characteristic 
of the presence of amorphous material. The only lines present are those 
of zinc oxide or of silica, depending upon which is in excess. The spacings 
of these lines are unaltered from those of the pure oxides. If the silicate 
had entered into solid solution with either of the oxides, their crystal 
lattices would have been expanded or contracted and the positions of the 
lines would have been correspondingly altered. Furthermore, the product 
prepared at 850®C. has the same fluorescence characteristics whether the 
pattern exhibits the lines of cristobalite or those of quartz. The presence 
in the phosphor of these crystallized forms of silica or of zinc oxide is 
therefore purely incidental. 

3. Rapidity in cooling the flux is a condition favorable for retaining it 
in the amorphous condition and for preventing crystallization. On the 
basis of the diffraction patterns, it is plain that silica can crystallize more 
readily from the flux than can zinc silicate. The choice of a rate of cooling 
which allows the silica to crystallize and not the silicate is an essential 
condition for obtaining the yellow phosphor. When both crystallize, the 
green phosphor results; when neither crystallizes, the red phosphor. 

4. In preparations at 850®C. an essential feature in the formation of 
the yellow phosphor is a limitation that will prevent the agglomeration 
into crystalline form of the amorphous complex of zinc oxide and silica 
that results from the initial reaction between those ingredients. This is 
partly attained by the presence of some neutral material, such as an excess 
of silica or of zinc oxide, capable of acting as a physical barrier to an 
agglomeration into crystals. In addition, however, the reaction itself 
must be retarded. The green crystalline phosphor rather than the yellow 
phosphor always results if the reaction is allowed to proceed too far,— 
whether this be attained by adding an excess of catalyst, by using too fine 
oxides, or by allowing an increase in temperature or too long a time of 
reaction. 

5. Confirmatory evidence was famished by Dr. Louis Navias of this 
laboratory, who examined with tb# polarizing microscope the phosphors 
prepared by fusion. The green phosphor he found to be altogether aniso¬ 
tropic and optically positive. Its refractive index approximated 1.710, 
which is characteristic of crystalline ZnsSi 04 . The yellow phosphor, on 
the other hand, was somewhat anomalous. It appeared to be anisotropic, 
less so when zinc oxide was in excess than when silica was in excess. Under 
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rotation of the polarized beam there was only a poor and shaded extinction, 
denoting a mixture of amorphous and crystalline material. Its refractive 
index was less than 1.710. 

The red phosphor, as prepared by fusion, appears definitely to be an 
amorphous complex of 1 mole of zinc oxide with about 1 mole of silica, 
an amount which is in excess of that in the orthosilicate. This is on the 
basis of the following direct evidence: ( 1 ) As in the case of the yellow 
phosphor, it cannot be formed from zinc oxide or silica alone. In contrast 
to the yellow, it cannot be formed in zinc orthosilicate proportions but 
only in the presence of an excess of silica. (^) As is evident from the phase 
diagram of the zinc oxide-silica system published by Bunting (1) and repro¬ 
duced in figure 3, zinc orthosilicate with 1 mole of excess silica forms a 
eutectic, melting at 1432®C. When such a mixture is cooled suddenly 
from a temperature of 1530®C., there is therefore good opportunity for 
obtaining it in the amorphous condition. The qomplete absence of lines 
in its diffraction pattern and the presence of strong continuous radiation 
bear witness that this was accomplished. It is not surprising that a few 
cristobalite lines should appear when the phosphor contained 2 moles of 
excess silica, for at this composition some crystals of cristobalite would 
be in stable equilibrium with the liquid at 1530®C. (3) Dr. Navias 
found that the red phosphor containing 1 mole of excess silica was com¬ 
pletely isotropic. The particles were not clear glass but were definitely 
in the amorphous state. Their refractive index was much below 1.710. 
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introduction 

In a previous communication (4) two of the authoi^s (C. J. C, and J. 
C. K., Jr.) with Oakley studied the effect of the anhydrides of mannitol 
upon the dissociation constant of boric acid. Later the extraordinary 
potentiation of the dissociation constant of boric acid produced by a-man- 
nitan was reported (1).' Since sorbitan and isosorbide, the mono- and 
di-anhydrides, respectively, of sorbitol, were available for metabolic 
study, it was decided to determine the effect of these two compounds upon 
the titration curve of boric acid and to compare this with the influence of 
sorbitol. 


materials and method 

The boric acid was of buffer quality. The sorbitol was the c.p. com¬ 
pound generously supplied by the Atlas Powder Company of Wilmington, 
Delaware. Likewise the sorbitan was supplied by the Atlas Powder 
Company, which obtained it as a by-product in the electrolytic reduction 
of glucose. The recrystallized compound melted at Its specific 

rotation, [a]?*, was —24.6® (H 2 O; C = 10). The isosorbide was prepared 
for study by Dr. Wilton C. Harden of the firm of Hynson, Westcott, and 
Dunning of Baltimore. It was prepared by Fauconnier^s method (2) of 
preparing isomannide from mannitol. The recrystallized compound 
melted at 60®C. Its specific rotation, [a]?* was + 46.5® (H 2 O; C == 10). 
The crystalline dibenzoate analyzed 101 per cent upon saponification. 

Solutions of the various compounds studied contained 4 g. of the com¬ 
pound in 100 cc. of 0.1 molar boric acid. Stronger concentrations were 
employed for conductivity measurements. To 10-cc. portions of this was 
added 0.1 normal sodium hydroxide in quantities varying from 1 cc. to 11 
cc. Immediately after the addition of the alkali the pH of the solution 
was determined electrometrically at 26®C. dh 0,6®, using the Wilson type 
hydrogen electrode (6). 

The following formulas indicate the supposed structuml relationship 
existing among the compounds. 
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TABLE 1 

Specific conductivities 


Aqueous solutions at 25®(y. ; cell constant - 0.1417 


SOLUTION 

SPBCIFIC CONDUCTXVITT 


mhos 

0.5MH,BO, 

1 30.5 X 10-« 

0 5 M HsBOs + 0.2 A/ sorbitol (Pfanstiehl) ] 

o 

X 

0.6 A/ HjBOa 4" 0 2 Af sorbitol (Atlas) 

396 X 10“« 

0.5 A/ HaBOs + 0.2 Af sorbitan, 

122 X lO"** 

0.6 M HjBOs 4- 0,2 A/ isosorbide (Atlas) 

1 43.3 X 10“« 


The results of the pH measurements arc set forth in figure 1. 

The specific conductivities of the polyol-boric acid complexes are shown 
in table 1. 

In figure 2 a comparison of the effect of dilution upon the sorbitan-boric 
acid complex and the corresponding a-mannitan complex is shown. 

DISCUSSION 

The data in figure 1 show that the titration curve of the sorbitol-boric 
acid complex is practically the same as that previously reported for the two 
hexahydric alcohols mannitol and dulcitol. The curve for the isosorbide- 
boric acid complex coincides wit h that obtained employing the isomannide - 
boric acid complex. This suggests that there are not two hydroxyl groups 
linked to the same side of adjacent carbon atoms mthin the molecule and 
bespeaks a structure similar to that of isomannide, namely, 1,4,3,6- 
dianhydrosorbitol. This assumption is further substantiated by the 
specific; conductivity values of the isosorbide-boric acid complex of 43.3 
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X 10“® mhos. The value obtained by van Romburgh and van der Berg 
(6) is 34.4 X 10*“® mhos for the isomannide complex in the same concen¬ 
trations. 

The titration curve of the sorbitan-boric acid complex shows approxi¬ 
mately the same downward displacement as does the dulcitan-boric acid 
complex and not the strong displacement produced by the a-mannitan- 
boric acid complex. This compound, therefore, does not possess the struc¬ 
ture of the Fischer and Zach (3) crystalline sorbitan, which is the 3,6- 
anhydrosorbitol with two hydroxyl groups linked to the same side of ad¬ 
jacent carbon atoms, similar to the a-mannitan structure. The degree 




Fig. 1 Fig. 2 

Fig. 1. Effect of isosorbide, sorbitan, and sorbitol upon the dissociation constant 
of boric acid. Curve A, Af/lO boric acid + 4 per cent of isosorbide; curve B, ilf/10 
boric acid; curve C, ilf/10 boric acid -f 4 per cent of sorbitan; curve D, ilf/10 boric 
acid -h 4 per cent of sorbitol. 

Fig. 2. Comparison of the effects of dilution upon the sorbitan-boric acid complex 
and the cx-mannitan-boric acid complex. O, a-mannitan; #, sorbitan. 

of downward displacement of the titration curve and the conductivity 
measurements shown in figure 2 bespeak the 1,4-anhydrosorbitol structure 
for this compound, i.e., an anhydride without two hydroxyl groups linked 
to the same side of adjacent carbon atoms. 

SUMMARY 

1. The downward displacement of the titration curve of boric acid in the 
presence of sorbitol, sorbitan, and isosorbide has been determined. Con¬ 
ductivity measurements are also included. 

2. These data suggest a 1,4-anhydro structure for sorbitan and a 1,4,3,6- 
anhydro structure for isosorbide. 
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The photosensitization of oxidation-reduction reactions by dyes has 
been extensively studied. Since 1910 about fifty papers have appeared 
on this or closely related subjects. However, relatively little quantitative 
work has been reported. This lack of quantitative information has 
seriously handicapped the establishment, upon a sound basis, of a theory 
or mechanism of these reactions, as is demonstrated by the fact that at 
least four mutually inconsistent theories have been proposed in the recent 
literature. 

Since these reactions have important biological analogs and are- not 
without intrinsic interest, it appeared to the authors that they were worthy 
of a careful quantitative study from the physicochemical viewpoint. The 
present paper reports the results of a series of determinations of the quan¬ 
tum yields of photodxidations of several reducing agents sensitized by 
various dyes. The results of a detailed investigation of one of these 
systems,—^solutions of eosin and potaasium iodide,—will b(^ published 
shortly. 


experimental procedure 
Materials 

The rose bengal, phenosafranine, and safranine T Were Griibler prepara¬ 
tions. The fluorescein was a Kahlbaum product. The neutral red was a 
product of the National Aniline and Chemical Company. The indigo- 
sulfonates and one sample of methylene blue were LaMotte indicators. 
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The second sample of methylene blue was a zinc-free product of the du 
Pont Company, prepared for biological use. These dyes were used without 
further purification. The eosin was purified by precipitating it with dilute 
hydrochloric acid, washing it, dissolving it with an equivalent amount of 
base, and crystallizing it from the resulting solution. All other reagents 
were of analytical grade and were used without further purification. Con¬ 
ductivity water was used in preparing all solutions. 

Analytical methods 

Oxalate was determined with standard 0.01 N potassium permanganate, 
following the standard procedure. In a few cases where the dye caused an 
erratic consumption of potassium permanganate, the oxalate was pre¬ 
cipitated as calcium oxalate, filtered off, washed, dissolved in acid, and 
then titrated with potassium peimanganatc (reference 10, page 325). 
Solutions of thiosulfate, arsenite, and those containing both iodide and 
arsenite were titrated with a standard iodine solution (reference 10, pages 
590-6). In certain experiments, particularly those with eosin, the end 
point was determined by the polarized-electrode method of Faulk and 
Bowden (5). Iodine formed in arsenite-free solutions of iodide was 
titrated with standard thiosulfate. 

A calibrated microburet was used in all of these titrations, exc<'pt in 
the oxalate determinations, where a weight buret was used. 

Apparatus 

The light source was a water-cooled quartz-capillary mercury arc of the 
atmospheric pressure type (4, 11, 14), Glass color filters were used to 
isolate the desired spectral regions. 

Energy measurements were made with a Moll surface thermopyle and 
a Leeds and Northrop galvanometer, provided with a suitable shunt and 
series resistance. The galvanometer thermopyle system was calibrated 
with a radiation standard lamp from the United States Bureau of Stand¬ 
ards, following the explicit directions furnished with the lamp. These 
calibrations were checked with the uranyl oxalate actinometer of Leighton 
and Forbes (12). 

Two different optical systems were used in these measurements. The 
system used in the final series of measurements, which includes all of the 
experiments using I~ and As 02 “" as acceptors, was similar to that descrilied 
by Livingston (16). In the experiments in which either oxalic acid or 
thiosulfate was used as the acceptor, a spherical reaction cell of about 
4-ml. capacity was used. This cell, like the cylindrical cell used in the 
other series of measurements, was fitted with a gas inlet tube in the bottom, 
by means of which oxygen could be forced into the solution through a 
sintered-glass plate. A large glass condensing lens was used to bring the 
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light to focus at the center of the cell. A surface thermopyle was placed 
directly behind the cell and intercepted all of the emergent light. The 
whole system was mounted rigidly on an optical bench. The cell was 
protected from stray light and was so arranged that it could be moved in 
or out of the light beam in a reproducible manner (8). While the use of 
this sytem resulted in a high intensity of absorbed light (quanta per 
second per milliliter of solution), it had the disadvantage that the distri¬ 
bution of intensity in the cell was far from uniform. 

The experiments on methylene blue were performed separately by a 
different method.^ The light sources used in these experiments were a 
200-watt projection lamp and a 500-watt carbon arc. The rates of the 
reactions were followed manometrically, using a standard Warburg 
respiration apparatus. The energy absorbed was not measured directly, 
but the quantum yields were estimated by comparison with certain con¬ 
venient known reactions. 

Routine procedure and computations 

Coincident with each experiment, two blank analyses were made, using 
samples which had the same volume as the reacting solution. The first 
of these titrations was made at the beginning of the run; the second, at 
the conclusion. The dark reactions were negligible in all of the experi¬ 
ments reported here. The number of molecules which reacted photo- 
chemically was computed in the usual way:—from the blank titre, the 
change in titre, the concentration of the blank, and the volume of the 
reacting solution. 

During the course of each experiment, galvanometer deflections, corre¬ 
sponding to the light transmitted by the reaction cell as well as that trans¬ 
mitted by the water cell, were observed at 15-min. intervals. The total 
time of irradiation for a single experiment was from 0.5 to 3 hr. Com¬ 
parison with the uranyl oxalate actinometer (12) showed that the measure¬ 
ments of the absorbed energy were correct within 3 or 4 per cent when the 
cylindrical cell was used but were about 42 per cent low when the spherical 
cell and strongly convergent light were used. 

EXPERIMENTAL RESULTS AND CONCLUSIONS 

The quantum yields of the photooxidation of I”, using several dyes as 
sensitizers, are listed in table 1. All of these experiments were performed 
with the cylindrical cell and slightly convergent beam of light. Oxygen 
was passed through the cell at the rate of 30 bubbles per minute. A 
monohydrogen phosphate-<lihydrogen phosphate buffer was used in all 

* These experiments were performed in the Jones Chemical Laboratory of the 
University of Chicago by R. Livingston while he was a holder of a Lalor Fellowship. 
The apparatus used was kindly placed at his disposal by Professor J. Franck. 
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of these experiments, the total phosphate concentration being kept con¬ 
stant at 0.005 M. In addition to the dye, potassium iodide, and buffer, 
a small amount of sodium metarsenite was added to each solution. The 
sodium metarsenite prevented the formation of detectable concentrations 
of Is~, which would have interfered with the measurements by absorbing 
light.* Monochromatic filtered light was used in all of these experiments, 
except the one with rose bengal and the 0.05 M potassium iodide run with 
eosin. In these two cases, the light source was a 1000-watt projection 
lamp, provided with a cupric sulfate solution filter. In the experiment 
with fluorescein, the wave length of the light was 3650 A. In the third 


TABLE 1 

T/te photoUxidation of iodide 


DYE 

INITIAL MOLABITT 

/aU. 

pH 

QUAMTUlf 

Dye 

I- 

NaAeOfi 

YIELD 

Fluorescein 

M 

5 X 

M 

0.4 

M 

4 X 10-^ 

r** x/o-* 

m2. 600 . 

0.65 

7 

0.055 

[ 

5 X 10-‘ 

0.05 

5 X 10-» 

3.7 

7 

0.011 

Eosin. s 

2 X 10“» 

1.00 

5 X 10‘ ® 

1.4 

6.7 

0.29 

[ 

2 X 10-‘ 

3.00 

1 X 10“® 

1.9 

6.8 

1.05 

Rose bengal. 

1 X 10“® 

0.05 

5 X 10~» 

2.9 

7 

0.021 

Neutral red . .| 

5 X 10-® 

1.00 

5 X 10“® 

10.0 

6.7 

0.11 

6 X 10“® 

1.00 

5 X 10“® 

2.3 

6.7 

0.13 


6 X 

0.50 

3 X 10-® 

0.83 

7.0 

0.036 

Phenosafranine .. j 

1 X 10-® 

1.00 

4 X 10-® 

2.74 

6.6 

0.10 

[ 

5 X 10“® 

1.00 

4 X 10“® 

1.82 

6.3 

0.18 

Safranine T. 

6 X 10-® 

1.00 

3 X 10~® 

1.6 

6.9 

0.15 

Indigodisulfonate. . . | 

8 X 10-® 

0.05 

4 X 10-® 

0.8 

6.1 

0.0014 

8 X 10“® 

1.00 

4 X 10“® 

0.96 

6.8 

0.0035 

f 

7 X 10“® 

0.50 

3 X 10“® 

1.01 

7.0 

0.011 

Indigotetrasulfonatc.. . i 

7 X 10~® 

0.50 

3 X 10“® 

0.88 

7.2 

0.011 

i 

7 X 10“® 

1.00 

4 X itr® 

1.00 

6.7 

0.068 


experiment with indigotetrasulfonatc, light of X 5780 A. was used. In all 
of the other experiments, light of X 5460 A. was used. The quantum 
3 delds are expressed as moles of iodide ion oxidized per Einstein absorbed. 

The results of a few experiments on the photoSxidation of SiO*— and 
of C 204 “ - are listed in table 2. All of these experiments were performed 
at a pH of approximately 7. Oxygen was bubbled slowly through the 
solutions during their irrsuliation. The light filter used transmitted both 
X 5460 and X 5780 A. Since the spherical cell and strongly convergent 
beam of light were used in these experiments, the tabulated intensities 

* 1^ could act either as an internal filter (18) or as a photosenaitieer (2). 
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(column 4) are spatial average values. The quantum yields are expressed 
as moles of reducing agents oxidized per Einstein absorbed. The upper 
limits of the quantum yields in the oxalate experiments were determined 
by the error of the potassium permanganate titration; there is no evidence 
that these reactions proceed with detectable speeds. 

The value for the upper limit of the quantum yield of the photooxidation 
of oxalate sensitized by methylene blue is 0.0005. This value is an estimate 
based upon a comparison with the ferric-sensitized oxidation of oxalate, 
making a semi-quantitative allowance for the difference in absorption of 
the incident light. The dye concentration in these experiments was 
Two different samples of methylene blue were used in preparing 
the solutions. Experiments were performed with 0.2 M oxalic acid, with 
0.8 M oxalic acid, and with a solution which contained both sodium 
oxalate and oxalic acid at concentrations of 0.10 M and 0.01 M, respec- 


TABLE 2 

The photodxidation of thiosulfate and of oxalate 


DTE 

INITXAI. MOLARITY 

/abi. 

(avbraob) 

QUANTUM 

YIELD 

Dye 

Acceptor 

Eosin. .. . 

Rose bengal. 

Neutral red . | 

Phenoaafranine. 

M 

6 X 

1 X 10-* 

5 X 10“« 

5 X 10'® 

5 X 10-® 

0.05 M NajStOa 

0.003 i\r NaiCiOd + 0.097 
N H,C,04 

0.05 Af NaiSjOa 

0.003 N Na*C,04 + 0.097 
N EtCiOi 

0.003 N NasCtOd + 0.097 
N H,C,04 

ml. 1 

2.7 

14 

2.1 

14 

14 

0.11 

<0.003 

0.03 

<0.003 

0.003 


tively. The yield in all of these measurements was less than the error of 
measurement. However, in one experiment in which a solution (0.8 M 
oxalic acid) was irradiated with light in the near ultraviolet (radiation 
from a 500-watt carbon arc filtered by Pyrex and a Corning 0 597 filter), 
a slow reaction was observed. By comparison with the ferric-oxalate 
reaction, under the same conditions of illumination, the quantum yield 
of this reaction was estimated to be 0.005. However, even this result 
should be considered as an upper limit, since no special precautions were 
taken to obtain reagents and water free from heavy-metal ions. The 
observed reaction may have been due entirely to a trace of iron. It must 
be mentioned that these results on methylene blue are in direct contra¬ 
diction to those reported by Levaillant (13). We were also unable to 
confirm his claim that an air-free solution containing oxalic acid and meth¬ 
ylene blue is rapidly bleached by exposure to visible light. Indeed, a 
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sealed tube containing this solution was not appreciably faded by being 
exposed to direct daylight for several months. These contradictions are 
difficult to explain unless we assume that the solutions used by Levaillant 
(13) contained some iron salt as an impurity. 

The photooxidation of allylthiourea, in acetone or methyl alcohol, is 
sensitized by eosin and by methylene blue. Using the Warburg apparatus 
and an intense source of white light, these reactions were compared to the 
corresponding reaction with chlorophyll (6) as a sensitizer. The com¬ 
parison indicated that the quantum yields of both of these reactions are 
of the order of magnitude of unity. Under the conditions of the experi¬ 
ment, the oxidation sensitized by methylene blue was accompanied by an 
irreversible bleaching of the dye. 

Table 3 summarizes the quantum yields of dye-sensitized photooxida¬ 
tions in which oxygen is the oxidizing agent. In addition to the measure¬ 
ments reported here, it includes the results of several earlier experiments, 
in some of which the sensitizers were naturally occurring pigments. The 
numbers following the trade names of the dyes (column 1) are the .serial 
numbers of the Colour Index. In all cases, the quantum yield listed is the 
largest reported for the particular ^stem. Values followed by the symbol 
m are the maximum yields which are attained at high concentrations of the 
acceptor. Where the measurements were not sufficiently extensive to 
peiTuit the determination of the maximum, the tabulated value of the 
quantum yield is followed by the corresponding molarity of the acceptor. 

Values of the fluorescence yield of the dyestuffs in dilute solutions in the 
pure solvents are listed in the second column. The numerical values in 
the column are taken from the literature. The four dyes marked ‘‘.slight^* 
show a noticeable though weak fluorescence when illuminated with an 
intense, sharply focussed beam of white light. The two marked “none?'^ 
do not produce any visible fluorescence under these conditions. 

It is noteworthy that, in all cases which have been studied over a suffi¬ 
ciently wide range, the quantum yields approach unity at high concen¬ 
trations of the .substrate. However, it would be misleading to generalize 
upon these results without considering certain characteristics of the data 
upon which they are based. The quantum yields for the photooxidation 
of allylthiourea (6, 7) are not computed upon the same basis as those for 
the photooxidatiou of iodide (17, 18). The yields in the first case are 
equal to the number of moles of oxygen consumed per Einstein absorbed; 
but in the second case, to the number of moles of iodide ion oxidized per 
Einstein absorbed. To express the quantum yields of the iodide-ion 
reaction in terms of the moles of oxygen, it would be necessary to decrease 
the present values by a factor of 4. Except for Gaffron's (6) finding, that 
1.6 moles of oxygen are used for each mole of allylthiourea present when 
the reaction is allowed to go practically to completion, nothing is known 
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(—) Little or no reaction. 
( 4 *) Rapid reaction. 
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of the stoichiometry of the oxidation of this substance. The reported (7) 
maximum yield for the photodxidation of allylthiourea sensitized by 
mesoporphyrin is 1.10. While the stoichiometry of the iodide oxidation 
is definite and simple, there is some imcertainty about the maximum value 
of the quantum yield. In a series of careful measurements with solutions 
of 2 X 10"*^ eosin and varying concentrations of potassium iodide, Hurd 
and Livingston* found that the quantum yield reached a value of 1.18 
in 4.0 M potassium iodide and was apparently still increasing with the 
iodide concentration. Using fluorescein solutions and white light, Schneider 
(17) found that the quantum yield increased to value of unity at 0.3 M 
potassium iodide, remained constant to 0.5 M potassium iodide, and then 
increased rapidly as the potassium iodide concentration was further in¬ 
creased. Working with rhodamine, he found that the behavior depended 
upon the type of illumination. With red light, the quantum yield reached 
a flat maximum of unity at 1.5 M potassium iodide and remained con- 
stsmt to 3.0 M (the highest concentration used). In white light the yield 
increased steadily in this range, (apparently) reaching a value greater than 
2 in 2.5 M potassium iodide. He suggested that all of the observed values 
greater than unity are due to the autocatalytic (i.e., sensitizing) effect of 
Ia~. While this explanation of his results seems quite probable, it has not 
been tested quantitatively, and should not be regarded as proven. It is 
very unlikely that this explanation can be applied to the results of Hurd 
and Livingston. 

While "non-fluorescent” dyes are poor sensitizers, there appears to be no 
relation between sensitizing action and fluorescent efficiency of dyes, once 
the latter has attained a value of 1 per cent or more. Although this lack 
of parallelism is contradictory to a view once held tenaciously by several 
investigators, it is consistent with modern theories of the fluorescence 
phenomena of complex molecules. 

SUMMARY 

Quantum yields have been determined of the photodxidation of iodide 
ion by fluorescein, eosin, rose bengal, neutral red, phenosafranine, safraninc 
T, indigodisulfonate, and indigotetrasulfonate, and of the photodxidation 
of thiosulfate ion by eosin and neutral red. It has been shown that, 
within the limits of experimental error, there is no photosensitized oxidation 
of oxalic acid in the presence of rose bengal, neutral red, phenosafranine, 
or methylene blue. A few observations on the sensitizing action of eosin 
uid of methylene blue on the photodxidation of allylthiourea, in acetone 
imd methanol solutions, are described. 

A table is presented summarizing the results of these measurements and 

' Details of this study will be published later. 
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of the other quantum yield determinations of dye-sensitized oxidations 
which are available in the literature'. A brief discussion of these results 
and of the data upon which they arc based is included. 

REFERENCES 

(1) Bacon: Phillipine J. Sci. 6, 281 (1910). 

(2) Berthoud: Trans. Faraday Soc. 21,554 (1925). 

(3) Bowen: Trans. Faraday Soc. 36, 15 (1939). 

(4) Forbes and Harrison: J. Am, Chem. Soc. 47, 2449 (1925). 

(5) Foulk and Bowden: J. Am. Chem. Soc. 48, 2045 (1926). 

(6) Gapfron: Ber. 60, 755 (1927). 

(7) Gaffron: Biochem. Z. 264, 251 (1933). 

(8) Hurd: Ph. D. Thesis, University of Minnesota, 1939. 

(9) Kautsky: Ber. 68, 152 (1935). 

(10) Kolthoff and Sandell: A Textbook of Quantitative Inorganic Analysis, The 

Macmillan Company, New York (1936). 

(11) Lanoer and Meggers : Bur. Standards J. Research 4, 711 (1930). 

(12) Leighton and Forbes: J. Am. Chem. Soc. 62, 3139 (1930). 

(13) Lbvaillant: Compt. rend. 177, 398 (1923). 

(14) Lind and Livingston: J. Am. Chem. Soc. 64, 94 (1932). 

(15) Livingston: J. Phys. Chem. 44, 601 (1940). 

(16) Prinoshbim: Trans. Faraday Soc. 86, 29 (1939). 

(17) Schneider: Z. physik. Chem. B28, 311 (1935). 

(18) Spbalman and Blum: University of California Publications in Physiology 8, 

147 (1937), 



874 


A. K, SMITH, P. HANDLER AND J. N. MRGUDICH 


THE REACTION OF FORMALDEHYDE WITH AMINO ACIDS: 
X-RAY DIFFRACTION PATTERNS^ 
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In a previous publication (12) data were presented which showed the 
amount of formaldehyde which combines with soybean protein, casein, 
and zein under various experimental conditions. A procedure for pre¬ 
paring dispersions of these proteins in the presence of formaldehyde was 
outlined, and data relative to the influence of hydrogen-ion concentration 
on such dispersions were also presented. 

The type of linkage involved in the reaction between amino acids or 
proteins and formaldehyde is problematical. It is known that aldehydes 
react in a neutral or alkaline solution with amines to form SchiflF\s bases 
of the general structure, RCH=NR'. Consequently, when Sprensen 
found that certain amino acids could be titrated in the presence of formal¬ 
dehyde to a fairly sharp end point, he assigned to the reaction product 
the general structure, 

R—CH—COOH 
N=CH2 

which concept was supported by the supposed structure of the products 
prepared from asparagine and formaldehyde. Since most proteins contain 
free amino groups, as determined by the Van Slyke procedure, the 
methylene-imino linkage has been suggested to describe analogously the 
protein-formaldehyde combination. 

Actually, little or no evidence exists for aasigning such a structure to 
the reaction products formed between formaldehyde and amino acids or 
proteins. A review of the literature shows that the reaction of monoamino 
acids with formaldehyde gives products too unstable to be readily sepa¬ 
rated from solution. Most investigators (1, 5, 9, 10) of this subject have 
used salts, primarily alkaline-earth salts, or esters of the amino acids in 

^ Presented before the Division of Physical and Inorganic Chemistry at the 
Ninety-eighth Meeting of the American Chemical Society, held in Boston, Massachu¬ 
setts, September 11-15, 1939. 

* A cooperative organization participated in by the Bureau of Agricultural Chem¬ 
istry and Engineering and the Bureau of Plant Industry of the United States Depart¬ 
ment of Agriculture, and the Agricultural Experiment Stations of the North Centra- 
States of Illinois, Indiana, Iowa, Kansas, Michigan, Minnesota, Missouri, Nebraska, 
North Dakota, Ohio, South Dakota, and Wisconsin. 



REACTION OP FORMALDEHYDE WITH AMINO ACIDS 


875 


order to obtain stable reaction products. However, with these more 
stable compounds there has been no agreement as to the nature of the 
linkage involved in the reaction. 

Several investigators who direc.ted thcnr efforts toward explaining the 
nature of the redaction lietwecn proteins and formaldehyde, made use of 
x-ray diffraction methods. Cl^rk and Shenk (3, 4) examined egg albumin, 
gelatin, zein, and several of theTibrous proteins; Brother and McKinney (2) 
investigated commenaal casein and soybean protein plastic materials; and 
Ilighberger and Kerstiai (6, 7) reported studies on collagen. For the 
non-fibrous proteins the x-ray diffraction pattern usually consists of two 
halos, one at approximately 4.9 A., which is said to represent the back¬ 
bone structure of th(‘ protein, and the other at approximately 10 A., which 
r(‘presents the side chains. The x-ray diffraction patterns of formal- 
d(*hyde-treated proteins show tlK'. same two halos as are observed with 
the untreated proteins; and, in addition, if the reaction is carried out in an 
alkaline medium, several new interferenc(‘ patterns are sometimes observed, 
(!hief among which arc' two strong rings n'presenting spacings at approxi¬ 
mately 3.9 and 2,6 A. It has been shown that the latter spacings are 
also characteristic of paraformaldehyde*. Th(*refore, if any new diffrac¬ 
tion lines riASiilt from the formald(*hyde treatment of the proteins, they 
might b(* obscured by diffraction lines resulting from the presence of 
paraformaldehyde. 

The present research is a continuation of the work presented in a prt^ 
vious publication, but is concerned primarily with the nature of the reac¬ 
tion between formaldehyde and amino acids. Arginine, lysine, and histi¬ 
dine were chosen as the amino acids for this investigation, since they 
contribute the basic groups of the intact protein molecule. 

HEXONE BASES AND FORMALDEHYDE 

The free bases arginine and lysine were prepared according to the pro- 
(‘edure of Vickery and Leavenworth (14, 15), and the free base histidine 
by the method of Pyman (11). The formaldehyde derivatives of the 
amino acids were prepared by dissolving the free bases in a small amount 
of water, adding an excess of 37 per cent formaldehyde (c.p. grade), 
and precipitating the reaction jiroduct with alcohol. The precipitation 
was assisted by cooling in a refrigerator for several hours. 

The amino acid-formaldehyde products were analyzed for carbon, hydro¬ 
gen, and nitrogen (Kjeldahl), and the results compared with the formulas 
heretofore assigned to this reaction. The analytical results, the specific 
rotations in water, and the decomposition temperatures of the products 
are recorded in table 1. Inspection of these data would seem to indicate 
that the formaldehyde reacted with the hexone bases, although the analy¬ 
ses do not coincide with any of the structures,—namely, the methylene- 
imino, methylol, or heterocyclic,—^which have been described in the 
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t Calculated from their nitrogen content. 



REACTION OF FORMALDEHYDE WITH AMINO ACIDS 


877 


literatim^ for this reaction. The calculations shovv(‘d that the niethyleiK^- 
imino linkage, which has been most generally acce})t(Hi for this r(‘action, 
was further from agrecmiiMit with the analytical results than the* other 
postulated struct ur(‘s. 



Fi(i. 1. Arginine (free) 

Fkj. 2. Arginine fornuiltlehyde 
Fkj. 3. Lysine (free) 

Fio. 4. Lysine foriniildeliyde (partial reaetion) 

The reaction of formaldehyde with the dianiino acids was investigat'd 
further by means of x-ray ditfraction patterns of the fret' bases and of tht'ir 
formaldehyde derivatives. The Hull, Debye, and St'herrt'r jiowder tt'ch- 
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nique, employing filtered CuK« radiation was followed, using a 5-cm. 
sample-to-film distance in photographing the diffraction patterns. A 
more detailed description of the equipment and method employed has 



Fig. 5. Lysine-formaldehyde (complete reaction) 

Fig, 6. Histidine (free) 

Fig. 7. Histidine-formaldehyde (freshly precipitated) 

Fig. 8. Histidine-formaldehyde (aged) 

been published recently by Tuckey, Ruehe, and Clark (13). The diffrac¬ 
tion patterns are reproduced in figures 1 to 8. 

It may be seen from these diffraction patterns that the free bases lysine, 
arginine, and histidine (figures 1,3, and 6) are highly crystalline materials, 
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as Ls also the histidine-formaldehyde product (figure 8), but the formal¬ 
dehyde derivatives of lysine and arginine (figures 2 and 6) give patterns 
of the type normally exhibited by amorphous materials. Photographs 
of the latter type, diffuse rings, are usually assumed to result from crys¬ 
tals too small to serve as efficient diffraction units or from distortion of 
the crystal lattice. For the lysine formaldehyde and arginine-formalde¬ 
hyde products the distorted lattice is the more acceptable explanation. 

Figure 4 is a diffraction pattern of a lysine-formaldehyde product in 
which the reaction between the lysine and formaldehyde appears to be 
incomplete. In comparing this pattern with that of lysine (figure 3), 
it is observed that the shorter spacings in both diffraction patterns are 
the same, but that the three inner rings, long spacings, of the lysine are 
absent in the partially reacted product. It is expected that this diffrac¬ 
tion pattern will be useful in studying the mechanism of the lysine- 
formaldehyde reaction; this phase of the problem will be continued in a 
subsequent paper. 

It was found, in following the method described in this paper for the 
preparation of histidine-formaldehyde, that aging of this material is a 
factor in its crystallinity. A diffraction pattern of histidine-formaldehyde 
taken soon after its preparation contained only two rings, one of which is 
too weak to reproduce well. This patton is reproduced in figure 7, but 
the same histidine-formaldehyde photographed after three months’ time 
gave th(* pattern shown in figure 8. On the other hand, reexamination 
of iho lysine formaldehyde and arginine-formaldehyde products after 
s(weral months’ aging gave the same results as for the freshly prepared 
material. 

A comparison of the diffraction pattern of the histidine-formaldehyde 
with th(^ diffraction pattern of paraformaldehyde showed the absence of 
paraformaldehyde in this photograph. 

Highberger and Kersten (6, 7) and Jordan-Lloyd (8) in their investiga¬ 
tions of the tanning of leather made x-ray diffraction patterns of collagen 
befon^ and after treatment with tanning agents and obtained results 
which are somewhat analogous to those observed for the formaldehyde 
treatment of lysine and arginine. Collagen does not give sharp diffraction 
lines; nevertheless, Highberger and Kersten (6) observed a pronounced 
blurring of both its diffraction bands when tanned with chrome and vege¬ 
table tans. Later they observed (7) a blurring or disappearance of the 
10-A. spacing, owing to quinone tanning, but no change was observed in 
either spacing when tanned with formaldehyde or with 4, 4'-dihydroxy- 
diphenyldimcthylmethanemonosulfonic acid (Syntan). 

CONCLUSIONS AND SUMMARY 

It is thus observed from the preceding data that the histidine-formal¬ 
dehyde product is highly crystalline, while the formaldehyde derivatives 
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of lysine and arginine are amorphous products. Although it is impossible 
at the present time to define the nature of the linkages involved on any 
of the amino acids when reacting with formaldehyde, it seems possible 
that, in the instance of the lysine and arginine derivatives, a condensation 
or polymerization has taken place with the formaldehyde serving as a 
cross linkage between the amino groups of the diamino acids. 
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Experiments on Cells without Liquid-junction Potentials* 
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In a previous communication (1) the effects of certain salt mixtures on 
the dissociation of glycine and alanine were described. The experiments 
served to answer the question as to whether or not the effect of a salt 
mixture is equal to the sum of the effects of the individual salts. Since 
the measurements of the electromotive forces of the cells liiSed involved 
liquid junctions, the experiments are of questionable value with regard^ 
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to tbe quantitative determination of the effects of single salts on the 
ionisation of amino adds. Formulas for the calculation of liquid^junction 
potentials are accurate only for solutions at high dilutions or under certain 
specialised conditions. At higher salt concentrations, the liquid-gimction 
potential cannot be calculated without extrathermodynamic assumptions* 
Measurements of the electromotive forces of any cells that involve salt 
bridges must be regarded as of limited quantitative value. This is espe- 
dally true when the salt concentration on one side of the salt bridge is 
varied between wide limits. Only in very special cases where it is likely 
that the sum of the two liquid-junction potentials approaches a zero value 
may such cells yield quantitative results. These conditions were not ful¬ 
filled in our previous experiments. 

In the present work a method for the determination of electromotive 
forces that is free from these objections has been employed. The calcu¬ 
lations have, therefore, involved no consequential extrathermodynamic 
assumptions. 

The electromotive forces of cells of the following types were measured: 

Hj(Pt) 1 amino acid (my), NaOH orHCl (ms or m^), MCI (m,) [AgCl 1 Ag (1) 

where the concentrations , and Mt of the sodium hydroxide* 

hydrochloric acid, and the amino acid, respectively, were maintained con¬ 
stant, while the concentration m« of the salt, MCI, was varied from an 
ionic strength of 0.0 to 2.3. Potassium chloride, sodium chloride, lithium 
chloride, and barium chloride were employed for the salt. 

The cells in which the solutions were placed for the electromotive force 
measurements were of the usual H-shaped type. The silver-silver chloride 
electrode was placed in one arm of the cell and the hydrogen electrode in 
the other. The hydrogen entered the cell at the bottom of the arm which 
contained the hydrogen electrode. The two arms of the cell were con¬ 
nected by a glass stopcock. When partially closed, it reduced the diffusion 
of any silver into the arm of the cell that contained the hydrogen electrode. 

The silver and silver chloride were deposited, according to Hamed^s (6) 
second method, on a 1.5-in. spiral of 26-gauge platinum wire, which was 
sealed into the end of a piece of glass tubing. After electrolysis, the elec- 
tvodes were soaked overnight in distilled water and, before use, were well 
soaked in a sample of the solution in which they were to be used. Elec¬ 
trical contact with the potentiometer was made by means of a mercury 
cup. For testing the preparation of these electrodes and the general 
tedhnique used, the electromotive forces of cells of the following types 
were measured: 

Ht(Pt) 1 HCl (m) 1 AgCl I Ag 

The results of Hamed’s (7) very accurate measurements of the electro- 
todtiye forces of similar cells were plotted on a large-scale graph that could 
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be l^d to the nearest 0.1 millivolt and to dbO.00005 unit of concentration 
Illustrative values for the voltages observed with the present electrodes 
and those obtained from the graph for the same add concentration are 
given in table 1. 

Ibe preparation of the hydrogen electrodes and the measurement of the 
potentials were essentially the same as described in the previous paper. 
The preparation of the amino add solutions was likewise essentially the 
same. Vacuiun technique was not used in the preparation of the solutions. 
Contact with air was minimised. The solutions were prepared with hot, 
freshly distilled water and, after cooling, the volumes were adjusted. All 
weighings were corrected to in vacuo and all pipets and flasks were cali¬ 
brated by weight. All reagents used were purified within the limits of 
anal 3 rtical accuracy. 


TABLE 1 


Comparison between the present values and the values obtained by Earned in 
solutions of hydrochloric acid 


“HCl 

PRBftSNT YALinB 

HAUmOD's VALXJB 


wAu 1 

voUa 

0.003578 

0.51479 

0.5147 

0.01123 

0.45887 

0.4587 

0.06289 

0.37489 

0.3748 


CALCULATION OF RESULTS 

The electromotive force, E, of cell 1 is related to the hydrogen-ion and 
chloride-ion concentrations by the thermodynamic equation: 

E ^ -- y log (2) 


where the refer to the activity coefficients denoted by the subscripts, 
E^ is the electromotive force of the cell at unit activities of hydrogen and 
chloride ion, and y *= 2.3026 RT!¥. Solution of equation 2 for ^log 
and letting 

(■THncl-)*'* ** ■THCI 


pves 


—log mH+ = 


■g-.E* 

V 


4" log »*ci~ 4" 2 log 7Ha 


(3) 


Equation 3 was used for all calculations of the hydrogen-ion concentration 
in the following experimental work. 

The value of 0.2^9 volt (10) was used for E® at 26.0‘’C. The values 
(rf tibe other constants have been taken from Binge’s cmnpilation (2). * 
The values of yhci the solutions that were used in 1 are not avail- 
'I^iefore the assumption that the vidues ane the same in ^ese 
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solutions and in solutions of the inorganic salt only, at the same total ionic 
strength, has been made. This assumption is obviously not valid through¬ 
out the whole possible range of concentrations of the amino acid and the 
salt, but the concentration of the amino acid is sufficiently low to make 
any error from this assumption negligible. 

That portion of the amino acid that was present in the isoelectric condi¬ 
tion has not been included in the calculations of the ionic strength. All 
other ionic species in the solutions have been included in the summation. 

The values of yhci that were obtained from the literature were plotted 
against the square root of the ionic strength on a large-scale graph. The 
values that were necessary for the calculations were then read from a 
smooth curve that was drawn through these points. The values of thci 
in barium chloride solutions were taken from Harned and Mason (14), 
Earned and Robinson (16), and four values from Randall and Brecken- 
ridge (25). The values of thci iu lithium chloride solutions were obtained 
from Harned and Copson (9). The values of thci iu sodium chloride and 
potassium chloride solutions were taken from Harned and Murphy (15) 
and Harned (8). The data of Harned and coworkers were obtained with 
cells containing 0.01 M hydrochloric acid and the particular salt. How¬ 
ever, it has been shown by Harned (8; 26, page 804) that the activity 
coefficient of hydrochloric acid in salt solutions is independent of the acid 
concentration below about 0,1 ilf and dependent only on the ionic strength 
of the solution. 

In the present work the solutions were prepared on a molarity basis, 
while the data of Harned and coworkers are given on a molality basis. 
Equations relating the molarity and molality of the salt solutions were 
calculated by the method of least squares from the density data given in 
International Critical Tables (17). The density data of Dalton and 
Schmidt (5) indicate that the densities of the pure salt solutions may be 
used with sufficient accuracy for the present purpose. The equations that 
were used for the conversion, m, being the molality and c, the molarity 
of the salt, are: 

For barium chloride, m, = 1,0031c, + 0.0278c5 + 0.00427cJ 
For lithium chloride, m, == 1.0023c, + 0.0187cJ + O.OOOSOcJ 
For sodium chloride, m, = 1.0026c, + 0.0182cJ + 0.00115cJ 
For potassium chloride, m, = 1.0029c, + 0,0279c5 + 0.00196cJ 

The ionic strength, as defined by Lewis and Randall (20), was calcu¬ 
lated next. The value of 7hci each of the experimental solutions was 
then read from the graphs described previously. These and other neces¬ 
sary values were substituted in equation 3, solution of which enables 
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to be evaluated. The hydrogen-ioa molarity was calculated from the 
molality by application of the ratio e,/m, . The various constants wtoe 
calculated from the hydrogen-ion molmity as described below. 

A. Alanine: acuUe aoluUons 

The effects of neutral salts on the C'classical”) constant, that is, formu¬ 
lated on the basis cf the ionisation of the amino acid involving the hydroxyl 
ion, were determined. The equilibrium involving the hydroxyl ion is 

+ NH?CH(CH,)COO- OH' -t- NH2-CH(CH,)C00H (4) 
and the apparent constant is defined by 

-log ki = -1<^ Con- + log - log (5) 

CK+- 

where iVsio is the mole fraction of water. In all but the more concentrated 
solutions, Njito may be taken as unity. 

It was more convenient, in practice, to calculate —log (klN^^), for 
reasons that will be given later. This term is related to the experimental 
data by 


-log (.kiNsto) = -log coH- - log (6) 

cr-*— 

The hydrogen-ion concentration in each of the solutions was calculated 
from the observed electromotive force by means of equation 3. The 
hydroxyl-ion concentration was calculated by use of the relation 

( 7 ) 

in which is the ionization constant of water and is equal to 
7Sl l93Z ^ where ango is the activity of water in the particular salt solution. 

ttHgO 

Values for the term Ky^,^ were taken from the data of Hamed and co¬ 
workers and plotted against the square root of the ionic strength on a 
large-scale graph. Values necessary for the present calculations were 
taken from a smooth curve drawn through these points. For the values ctf 
in solutions of sodium chloride the data of Hamed and Mannweiler 
(13) were employed. Similar values in potasaum chloride solutions were 
taken from Hamed and Hamer (12), values in lithium chloride solutions 
from Hamed and Copson (9), and values in barium dhloride solutions from 
Hamed and Mason (14). Tte value of 1.008 X 10~” (11) was used for K„. 

The hydroxyl-ion molality that was obtained from equation 7 was ccm- 
veited to molarity in the manner that was desaibed lor the hydaxigen-ion 
ccneentratlon. 

The ratio in equation 6 was evaluated by the fcrilowing relations, which 
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were obtained upon consideration of the electrical neutrality of the 
solutions: 


cr+ = ca — ch+ 

^R+‘‘ = Cy — Cr4- (8) 

where Ca is the added concentration of hydrochloric acid and is the total 
amino acid concentration. Equations 7 and 8 give all of the values that 
are necessary for the evaluation of equation 6. The experimental data 
are represented graphically in figures 1 and 2. The points are experi¬ 
mental. The curves are theoretical. 

The thermodynamic equilibrium constant for equation 4 is given by 

h = (9) 

aHjOaR+- 



Fig. 1. The effects of sodium chloride and potassium chloride on —log K of 
alanine. # =» potassium chloride; O ** sodium chloride. Note: 0.3 unit has been 
added to each value for potassium chloride for the purpose of separating the curves. 

Fig. 2. The effects of lithium chloride and barium chloride on —log kl of alanine. 
# lithium chloride; O ■* barium chloride. Note: 0.3 unit has been added to 
each value for lithium chloride for the purpose of separating the curves. 

where the a^s refer to the activity denoted by the subscript. By introduc¬ 
ing the term a == yc into equation 9, the following relation between kbNmo 
and kb is obtained: 


khN^^o == kh — “Hio (iO) 

70H“7R+ 

or, in logarithmic form, 

—log (kiNuiO) * —log *6 — 10g'yR+- + lOgroH- + 10g7Rf- — log oh, o (11) 

By If ftftpin g the tenn Nb^o on the left-hand side of the equation, the neces¬ 
sity for the theoretical calculation of the activity coefficient of water has 
been avoided. This equation, after combination with the Debye-Httckel 
equation 
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-log 7.- 


0.504ii*V^ 

1 + 0.328o'V^ 


( 12 ) 


(where 7 < is the activity coefficient of the t*'* ion,»is the valence of the ion, 
a' is the “collision diameter,” expressed in Angstrdm units, and no is the 
ionic strength) and Kirkwood’s (19) equation* 


-log 7E+- “ 0.125 ^ - ^ -;---^ (13) 

® 1 + 0.328ov^ + 0.036OM. + 0.018 

a 


(where a represents the closest distance of approach of the salt ions to the 
zwitter ion, a value comparable to a' in equation 12, b is the radius of the 
zwitter ion, and R is the dipole distance) was used for the calculation of 
curves I and II in figure 1 and curves I and III in figure 2. 


TABLE 2 


Values for a and a* used in figures 1 and iS 


tAim 

a 

a' 

Sodium chloride (curve II, figure 1) in A. 

4.2 

3.4 

Potassium chloride (curve I, figure 1) in A.. 

3.8 

4.0 

Lithium chloride (curve I, figure 2) in A . 

4.9 

4.0 

Barium chloride (curve III, figure 2) in A. 

4.2 

3.6 


The value of aH,o hi solutions of sodium chloride, potassium chloride, and 
lithium chloride was taken from the data of Pearce and Nelson (23). The 
values of aH,o in barium chloride solutions were obtained from Perreu (24). 

The value of 4.0 A., corresponding to a dipole moment of 19.1 X 10~'* 
B.s.iT., was used for R in equation 13. The value of 3.08 A. (4) was em¬ 
ployed for b. 

The values that were used for a and a' in equations 12 and 13 are shown 
in table 2. The term a in the expression for 7 oh- has been assumed to be 
equal to a' in the term for 7 b+ . Although this equality is open to question 
if a' is taken to represent an actual physical dimension of the ion, it is 
doubtful that the theory on which equation 12 is based is sufficiently 
rigorous to demand differentiation between these two values. 

Curves 1 and III in figure 2 fall somewhat above the experimental points. 
The curves could be lowered by using lower values for a', smaller values 
for R, or higher values for a. The term a' presumably represents the sum 
of the radii of the alanine anion or hydroxyl ion and the salt ions, and a 

* Equation 13 was obtained by the introduction of the proper constants and em- 
^oying the assumption that the center, of the alanine molecule coincides geomet¬ 
rically with the center of the dipole.' 
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represents the sum of the radii of the zwitter ion and the salt ions. It is 
not probable that a and a' would differ greatly in value. Therefore, any 
increase in the value of a should require a proportional increase in the value 
of o'. The net effect of any such increase in the values of both a and o' is 
a shift of the theoretical curve in a direction opposite to that desired. In 
consideration of the ionic dimensions that have been obtained from x-ray 
data (22) and apparent molal volumes (18), it does not appear that o and o' 
should have values significantly lower than those that have been employed. 
The present value of R has been retained because of the agreement in 
figure 1 and in later figures. 

The addition of a “salting-out” term, Bue, to equation 11 will not pro¬ 
duce the desired agreement between the theoretical and experimental 
values. However, if a term, —C-\/iu, is added to the right-hand tide of 
equation 11, where C is an arbitrary constant, the desired result is obtained. 
The resultant equation is 

-log {kiNsto) = -log h -log YrH-- -f log roH- 

+ log 'yR+ - log aH.o - (11a) 

Curves II and IV in figure 2 have been calculated by this equation. The 
terms for the activity coefficients were evaluated by equations 12 and 13, 
using the values that are given above for the various dimensions. Curve 
II in figure 1 has also been calculated by this equation. The values of C 
obtained for the curves are: curve II and curve IV (figure 2), 0.127 and 
0.042, respectively; curve II (figure 1), 0.0273. 

At present, the term CVTic cannot be justifiably considered as anything 
more than empirical. It may represent a correction term that is necessary 
because of the particular values chosen in equations 12 and 13. It may be 
an indication that additional terms in the infinite series, of which equation 
13 is the first member, should have been employed to account for l&ck of 
symmetry in the location of the dipole of the alanine molecule (see 19). 
Because of the introduction, at high salt concentrations, of factors that are 
not accounted for by equations 11 and 12, further attempts at refinement 
of the calculations would be of doubtful significance. 

The dissociation of alanine in acidic solutions, according to Bronsted’s 
(3) definition of acids and bases, is represented by the equation 

NHJ-CH(CH3)C00H ^H.+ + NH?CH(CH,)C00- (14) 
The “apparent” constant for this equilibrium is defined by 

K' be 

^ CB+ 

where the c’s refer to the concentration of the ionic species denoted by the 
subscript. In its logarithmic form, the constant is defined by 
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, -log K't « -log CH+ “ Jog ^ (15) 

Ce+ 

The values for —log Ch-^ Jo oacJ^ of the salt solutions were obtained from 
equation 3. The ratio in equation 16 was evaluated with the aid of 
equation 8. The same experimental data were employed for the calcula¬ 
tion of both —log ki and —log K'l. 

The variations of — log Xl in solutions of sodium chloride, potasnum 
diloride, barium chloride, and lithium chloride are shown in figures 3 and 4. 
The thermodynamic equilibrium constant for equation 14 is defined by 




Fig. 4 


Fio. 3. The effects of sodium chloride and potassium chloride on —log Kl of 
alanine. Curve I, □ potassium chloride; curve II, ■ ** sodium chloride. Note: 
0.8 unit has been added to each value for potassium chloride for the purpose of 
separating the curves. 

Fig. 4. The effects of lithium chloride and barium chloride on —log Kl of alanine. 
Curve I, O lithium chloride; curve II, • barium chloride. Note: 0,3 unit has 
been added to each value for lithium chloride for the purpose of separating the 
curves. 


Introduction of the expression a ^ yc into equation 16 leads to the rela¬ 
tion, expressed in its lo^rithinic form, between Ki and Ki : 

-log K’l « -log Kl - log -f log yu+ + log yrt- (17) 

For the theoretical calculations, equations 12 and 13 were introduced into 
equation 17. A term, was added to the right-hand ade al equation 16 

for the calculation of the curves in figures 3 and 4. In addition, the term 
that was used for the calculation of curves 11 and IV in figure 2, 
vras retrined. The complete equaticm, omitting introduction of eqtiations 
12 and 13 for brevity, t^t was used for the cidculation of the theoretical 
etuwes in figures 3 and 4 is 

—log K'l » —1<^ Kl +• log 7 R+- + C\^ 4" Biic 


(18) 
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Thg idims for 7 b+ 7h+ have disappeared, because the assumption has 

been made that they are equal. The values for the constants in the calcu¬ 
lation ]of 7 b+- were the same as those given in table 2. The values that 
were employed for C and B are given in table 3. 

B. Alanine: basic solutions 

On the bads of Brdnsted’s (3) definition of acids and bases, the ionisation 
of alanine in alkaline solutions is represented by 

NHj-CH(CH,)COO- ^ H+ + NH,CH(CH,)COO- (19) 

The apparent constant for this equilibrium, in its logarithmic form, is 
defined by 

-log Kt = -log CH+ - log (20) 

CR+- 


TABLE 3 

ValtLeB far C and B employed in figuree S and 4 


■AXffa 

C 

I 

B 

Sodium chloride (curve II, figure 3)— . 

0.0273 

0.195 

Potassium chloride (curve I, figure 3). 

0.0 

0.213 

Lithium chloride (curve I, figure 4). 

0.127 

0.0582 

Barium chloride (curve II, figure 4). 

0.042 

0.0662 


Values for —log ch+ were obtained from equation 3 when applied to cells of 
the type indicated in equation 1. The ratio in equation 20 was evaluated 
by the following: 


CB- " Cjj — COH- 

Cb+~ = cp — cb“ (21) 

where Cf is the total concentration of amino acid, cb is the added concen¬ 
tration of sodium hydroxide, and the remaining c’s refer to the species 
denoted by the subscript. The hydroxyl-ion concentration was calculated 
in the manner previously described. 

The variation of — log in solutions of potassium chloride, lithium 
chloride, sodium chloride, and barium chloride is shown in figure 5. The 
points are experimental and the curves are theoretical. 

The corresponding constant which involves the hydroxyl ion in the 
equilibrium 

Hrf) + NH.CH(CH,)COO- ?=* OH- -f NH;CH(CH,)C00- (22) 

is defined by 
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Xi « (23) 

JWH20CR- 

For convenience, the tenn —log (-Kb-^V'hio) h®'® been calculated from the 
experimental data. The logarithmic expression for this is 

-log (K'BNn,o) = -log COH- " log ^ (24) 

CR- 

The same experimental data that were obtained in connection with —log 
K'i were used. — log cpn- was calculated from the hydrogen-ion concentra¬ 
tion in the manner previously described. The ratio in equation 24 was 
evaluated by means of equation 21. 



Fig. 5. The effects of sodium chloride, potassium chloride, lithium chloride, and 
barium chloride on —log Ki of alanine. ■ = sodium chloride; O * lithium chloride; 

□ HJ « potassium chloride; H » barium chloride. Note: 0.2 and 0.4 unit, re¬ 
spectively, has been added to each value for sodium chloride and potassium chloride 
for the purpose of separating the curves. 

Fig. 6. The effects of sodium chloride, potassium chloride, lithium chloride, and 
barium chloride on — logKiof alanine. # « sodium chloride; ■ » lithium chloride; 

□ B * potassium chloride; O = barium chloride. Note: 0.2, 0.4, and 0.6 units, 
respectively, have been added to the values for lithium chloride, sodium chloride, 
and potassium chloride for the purpose of separating the curves. 

The variation of —log K'b in the salt solutions is shown graphically 
in figure 6. The points are experimental and the curves are theoretical. 
The thermodynamic constants, Kt and Kb, are defined by 


_ «H+«R- 

(25) 

aB+- 

_ «OH-aR+- 

(26) 


«H,OOB- 


By introducing the expression a = yc, converting to logarithmic form, and 
rearranging, the following relations between the thermodynamic and 
apparent constants are obtained: 
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-log Ki = -log Ki - log 7 r+- + log 7 h+ + log 7 r~ (27) 

—log Kb = —log Kb + log 7r+- + log tqh -log 7 r -log anjo (28) 

Addition of the term — Cv^ to equations 28 and — C\/^ and B^c to 
equation 27 gives the expressions 

— log K 2 = —log K^ — log 7 r+- + log 7 h+ + log7 h- + Gy/^c + Bile (29) 

— logi^B = — logiCfi + log 7 it+- — log aH 20 “* ^'y/Ve (30) 

The approximation that 7h- is equal to 7h^ has been made. Curves I, II, 
III, and IV in figure 5 were calculated by equation 29. The curves in 
figure 6 were calculated by equation 30. The activity coefficients in 
equations 29 and 30 were calculated by means of equations 12 and 13. 
Curve V in figure 5 was calculated by equation 30, the term Bfic being 
omitted. 

In all of the calculations for equations 29 and 30, R of equation 13 has 
been taken equal to 4.0 A. and b equal to 3.08 A. The values of a' in the 

TABLE 4 


Values used for a, a', B, and C for potassium chloride, sodium chloride, lithium 
chloride, and barimn chloride 


BAl/rS 

a 

a' 

B 

c 

Potassium chloride . 

A. 

3 8 

A, 

4.0 j 

0 213 

0.0 

Sodium chloride 

4.2 

3.4 

0.195 

0.0273 

Lithium chloride 

i 4.9 

; 4 0 

0 104 

0.0733 

Barium chloride 

1 4 2 

; 3 6 

0 0662 

0 042 


expressions for 7 h., 7oh-> and 7 r- were assumed to be equal. The values 
that were used for the remaining constants in equations 12 and 13, after 
introduction of these equations into equations 29 and 30, are given in 
table 4. 

In all of the theoretical calculations for the curves in figures 1 to 6, the 
values of 2.345 and 9.870 have been employed for —log Ki and —log K 2 , 
respectively. These are in excellent agreement with the values of 2.340 
and 9.870 that have been reported by Nims and Smith (21). This agree¬ 
ment provides a check on the methods of extrapolation as well as on the 
accuracy of the data. 

The complete data are on file in the Library of the University of 
California. 

SUMMARY 

1. By the use of cells without liquid-junction potentials, the effects of 
certain salt mixtures on the dissociation of alanine in acid and alkaline 
solutions have been determined. 
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2. A Comparison has been made between the curves obtained by plotting 
the data and those obtained from theoretical considerations. 

3. Certain factors that are not accounted for by the theoretical equa¬ 
tions have been discussed. 
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The present experiments dealing with the effects of salts on the dissocia¬ 
tion of aspartic acid, arginine, and ornithine were carried out with the 
same technique as described in the previous paper (1). These amino acids 
were chosen since one, aspartic acid, represents the group of dicarboxylic 
amino acids, while the other two are representative of the predominantly 
l)asic amino acids. 


CALCULATION OP RESULTS 

A. Aspartic acid: K[ and K'2 

The equilibria 

HOOCCHjCHNHj-CJOOH ^ + HOOCCHiCHNH^COO- (1) 

HOOCCH.CHNHjCOO" + -OOCCHsCHNHrCOO" (2) 

are described by the apparent constants K[ and K 2 , respectively. These 
constants are defined by 


K' = 


(3) 


K> ^ ( 4 ) 

cr 

Actually the zwitter ion and the cation are in equilibrium between the 
various possible stnictures. The charges have been placed on particular 
groups for convenience only. The constants are therefore over-all con¬ 
stants, obtained by considering the total concentration of the variou.s 
species of ions, each species being differentiated by the net elect rical charge 
and not by the spatial location of the charge. 

The above two constants are ‘^overlapping” (4). Therefore they have 
been calculated from the experimental data by an adaptation of the method 
suggested by Neuberger (7). 

In two solutions of aspartic acid that have different pH values, the 
amino acid will exist in the three forms that are given in equations 1 and 2, 

^ The authors were aided by a grant from the Research Board of the University 
of California and by Eli Lilly and Company. They are indebted to the Cyrus M. 
Warren Fund of the American Academy of Arts and Sciences for the loan of the 
Type K potentiometer. 
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provided the pH of both solutions is such that the concentration of the 
divalent anion is negligible. Or, in mathematical terms, 

Cr+ + + Cr~ = Ct^ ( 6 ) 

CRJ + Cr+~ + Cr- = Ct^ (6) 

where cr+ , Cr+- , and Cr- refer to the concentrations of the aspartic acid 
cation, zwitter ion, and monovalent anion, respectively. Cr indicates the 
total concentration of the aspartic acid, regardless of form. The sub¬ 
script a refers to the first solution and to the second. The divalent 

anion of aspartic acid need not be considered, since —log is about 6.0 

units greater than —log K 2 . 

In the present experiments, solution a was made up by adding hydro¬ 
chloric acid to isoelectric aspartic acid, and solution /3 by adding sodium 
hydroxide. The following are therefore obtained upon consideration of 
the electrical neutrality of the solutions: 

Ca = ^R+ + Ch+ “ Cr- (7) 

Cb = Cr- — Ch+ Cr+ ( 8 ) 

where Ca and Cr refer to the added concentration of hydrochloric acid and 
sodium hydroxide, respectively, and cr^^ indicates the hydrogen-ion con¬ 
centration. 

If both solutions have been brought to the same value of the ionic* 
strength by the addition of the same neutral salt to each, 


“crj 


(9) 


Ki = 

* Cr+- Cr+- 


( 10 ) 


Division of equations 5 and 6 by Cr+- and Ci.+- , respectively, gives the 

« P 

following: 


Cr+ 

Cr+- Cr- 

Ct 

a 

+- 1 - 

mmm 

CR+- 

CR+- CR+- 

CR+- 


, Cr+- Cr- 

Cf 

P 


ss --X 

CR*- 

CR*- CR*- 

CR}- 


( 11 ) 

( 12 ) 


By combination with equations 9 and 10, the ratios in the left-hand sides 
of equations 11 and 12 may be expressed in terms of hydrogen-ion con¬ 
centration and the apparent constants. After performing this substitu¬ 
tion and rearranging, the following equations are obtained: 
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(CH+)* + ca*K[ + K[K', Cr 

_Of__ g __ a 

Cr+Ki cr +- 

g a 

icHtf + Ch^K'x + K[K’, ct^ 

_t _,p__^ ^ 

Cn+^1 Cr+- 


(13) 

(14) 


Analogous operations on equations 7 and 8 result in two additional equa¬ 
tions that are similar to equations 13 and 14. Combination of these four 
equations results in the following pair of equations: 



FiCj. 1 Tho t*(Torts of varying amounts of sodium chlorido and potassium ohlorido 
on tho hydrogen-ion concentration of partially neutralized solutions of aspartic acid, 
(hirve I, potassium chloride, i4 =* —4 ; curve II, sodium chloride, A ~ —4; curve III, 
potassium chloride, A =* —3; curve IV, sodium chloride, A « —3 Note: 0.3 X 10~^ 
units have been subtracted from the e.xperimental values for curve II to place the 
curve on the graph. 


(ch+)^ + KiCr^ + K1K2 

(15) 

Ca - ChJ ~ - °K[K'^ 

Cr. + KiCji^ + KiKi 

(16) 

cb + CH+ K[K^ - (ch+)* 


These equations were applied to the experimental data in the following 
manner: Two series of solutions, a and (iy were prepared. The same salt 
was employed in both scries. The hydrogen-ion concentration of each 
solution was determined. These values were plotted on a large-scale 
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graph against the square root of the ionic strength, and a smooth curve 
was drawn through the points. This graph is shown in figure 1. The 
hydrogen-ion concentration of both series at several values of the ionic 
strength was then obtained from the graph. Several pairs of values for 
Ch+ at equal values of the ionic strength were thus obtained. The values 
of the two constants at each of these several values of the ionic strength 
were then calculated from the hydrogen-ion concentration by equations 
15 and 16. 

The effects of potassium chloride and sodium chloride on the —log Ki 
of aspartic acid are shown in figure 2. The points are experimental, and 
the curves have been drawn to fit the points. 



Fio. 2. The effects of varying amounts of sodium chloride and potassium chloride 
on -log K[ of aspartic acid. • «• sodium chloride; O - potassium chloride. 

No attempt has been made to calculate the theoretical curves for the 
effects of salts on the —log Ki of aspartic acid. Because of the assump¬ 
tions involved in its derivation, Kirkwood’s equation (see reference 19 of 
the preceding paper (1)) for the activity coefficients of zwitter ions is not 
so adaptable to aspartic acid as it is to alanine. If, as the simplest case 
possible, the activity coefficient of aspartic acid is equal to unity, and 
the activity coefficient of the aspartic acid cation equals that of the 
hydrogen ion, the resultant theoretical curve will be a horizontal line 
whose origin on the ordinate corresponds with the origin of the experi¬ 
mental curve. Any decrease of from unity will give the curve a 
negative slope. Any departure from 78 ,+ » yH+ will give a negative slope 
if 78 + > 7h+ , and a positive slope if >»+ < • The exact shape of the 

theoretically calculated curve would depend on the functions describing 
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the 7 ^ 8 . The general shape of the curve is similar to those in figure 3 of 
the preceding paper (1). The theoretical equation has the form 

-log K[ = -log + /U) + /'( VmT) + Buc (17) 

where the functions of the ionic strength and the square root of the ionic 
strength of (/xc) and fiy/Jic) represent the theoretical expressions for the 
activity coefficients, and Bfic is the ^^salting-out'^ term. This type of 
curve, if /(mc) = /^(Vm^) = 9, will approximately fit the experimental 
data. If /'(Vm^) > 0, equation 17 will describe the experimental data 
exactly. 



Fig. 3 . The effects of sodium chloride and potassium chloride on —Ior K2 of 
aspartic acid. # * sodium chloride; O = potassium chloride. 

The effects of sodium chloride and potassium chloride on the —log 
of aspartic acid are shown in figure 3. 

Equation 29 (reference 1) will describe the pr(\seiit curves. If th * - is 
taken as equal to unity at all concentrations, equation 12 (reference 1) 
is introduced for 7 r- and 7 h+ , C = 0, and a' in this equation is equal to 
4.0 A., the following modification of equation 29 (reference 1) Is obtained: 

+ (. 8 ) 

This semi-empirical equation provides a means to fit the experimental 
results mathematically. The curves in figure 3 were calculated by equa¬ 
tion 18. The values of the constants B and —log if* were determined 
from the experimental points. B for the potassium chloride curve has a 
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value of 0.208 and B for the sodium chloride curve has a value of 0.168. 
—log Kt has a value of 3.895. 

In its logarithmic form, K'i of aspartic acid is defined by 

-log K'z - -log Ch+ - log (19) 

cr- 

It applies to the equilibrium: 

-OOCCHjCHNHj'COO- -OOCCHsCHNHjCOO- + (20) 

In making up the experimental solutions, approximately 1.5 moles of 
sodium hydroxide were added to eaeh mole of aspartic* acid. In considera- 



Fig. 4. The effects of sodium chloride, potassium chloride, and harium chloride 
on —log Ki of aspartic acid. ■ » potassium chloride; □ =» sodium chloride: 
O “ barium chloride. 

tion of this fact and the electrical neutrality of the* solution, the ratio in 
equation 19 may be evaluated by 

= Cr — Cjr — epH" 

Cr- = 2cr — Cr — ^OH” (21) 

where Cr is the added concentration of sodium hydroxide, is the total 
concentration of aspartic acid, and the remaining c^s refer to the concen¬ 
tration of the species denoted by the subscript, —log Ch+ in each of the 
solutions was calculated by means of equation 3 (reference 1). coh“ was 
evaluated in the manner described in the preceding paper (1). 

The experimental results are shown graphically in figure 4. 

By reasoning that is identical with that followed in obtaining equa- 
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tions 17 and 27 (preceding pajier (1)), the following relation between 
—log Kg and —log Kt of aspartic acid is obtained: 

-log K't = -log Ki + log 7r— + log 7h+ - log 7 r- + Buc (22) 


The “salting-out” term has been added. If equation 12 (reference 1) is 
introduced for the activity coefficients, letting a' for R“ and R— equal 
4.8 A., and a' for H+ equal 3.0 A., equation 22 will not fit the data even 
approximately. The limiting slope calculated in this manner is con¬ 
siderably greater than that indicated by the experimental data. Simms 
(10) suggested a modification of the Debye -Hiickel equation to apply to 
the case of divalent ions with widely separated charges of like sign. For 
the present case, his equation may be written 


-log7R-- 


0.504z*\/ He 
1 + 0.328o'v7. 


(23) 


where x is an empirically determined constant, the value of which lies 
between 1.0 and 2.0. Introduction of equations 12 (reference 1) and 23 
into equation 22, and inclusion of the values for a', gives 


-logX^ 


-logXa 


0.504(y)V^ 

1H- 1.574>4;: 

0.504 

1 -b 0.984 Vm; 


0.504 

1 + 1.574Vm: 


+ (24) 


Curves I and II in figure 4 were calculated with the aid of equation 24. 
The constants were determined from the experimental data. The follow¬ 
ing values were obtained: —log Kz , 9.842; x, 1.23. For curve I, 5 = 0.220 
and for curve II, B = 0.185. 

The displacement of curve III may be explained by the formation of 
complexes of the type noted by Cannan and Kibrick (2). Their equa¬ 
tion (equation 4, page 2316, bottom of first column) has been applied to 
the present case. Using their values for Ci and C 2 for succinic acid, the 
correction to be applied to curve III for complex formation is calculated 
to be 0.46 unit at nc = 1.5. This correction superimposes curve III on 
curve I at this concentration. If it is assumed, in agreement with Cannan 
and Kibrick, that addition of potassium chloride to the solution of aspartic 
acid does not result in the formation of complexes, the calculated correction 
for complex formation in the present case is of the correct magnitude. 


jB. Arginine 

The effects of sodium chloride and lithium chloride on -log K[ and 
—log K '2 of arginine have been determined, —log K[ is defined by 
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-log Ki = -log Ch+ - log (26) 

CR++ 

The equation applies to the equilibrium; 
NHj'C(=NH)NH(CH,),CHNHjCOOH 

NHjC(=NH)NH(CH,),CHNHjCOO- + H+ (26) 
—log iiTiis defined by 

—logit; = — logCH+ - log^^ (27) 

Cr+ 

It applies to the equilibrium: 

NHtC(==NH)NH(CH*)3CHNH?COO- 

NH?C(=NH)NH(CH*)3CHNH2C00- + H+ (28) 

As in the case of aspartic acid, the spatial location of the charges in the 
chemical formulas on any group is a matter of convenience only. It does 
not imply the non-existence of other isomeric forms in the solution. 

Arginine monohydrochloride was used in the present experiments. The 
ratio in equation 25 was evaluated by 

Cr++ = ca - Ch+ 

Cr+ = Ct ~ Cr++ (29) 

and the ratio in equation 27 was evaluated by 

Cr+- = Cb — COH- 

Cr+ — Cj* — (30) 

where Cr and are, respectively, the added concentrations of sodium 
hydroxide and hydrochloric acid, and the other symbols have their previous 
significance. A separate series of solutions was used for each constant. 
Equations 29 and 30 and the values for —log cjb+ that were obtained from 
equation 3 (reference 1) provided all the values necessary for the evalua¬ 
tion of equations 25 and 27. cqh- evaluated in the manner previously 
described. 

The results of these experiments are shown graphically in figures 5 and 6. 
In order to evaluate the ionic strength of the first three solutions of the 
series for —log K [, it was necessary to know the hydrogen-ion concentra¬ 
tion. This, in turn, could not be evaluated without knowledge of the 
value of the ionic strength. A rough value of the hydrogen-ion concen¬ 
tration was therefore calculated, employing the assumption that Cr-i-i- = cj ,. 
With this approximate value of the hydrogen-ion concentration, it was 
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Fig. 5 . The effects of sodium chloride and lithium chloride on —log K[ of arginine. 
# » sodium chloride; O — lithium chloride. 



Fig. 6 . The effects of sodium chloride and lithium chloride on — log of arginine. 
• « sodium chloride; O * lithium chloride. 

then possible to evaluate cr++ with sufficient accuracy to obtain a true 
value of the ionic strength. This true value was employed for the calcu¬ 
lation of the actual hydrogen-ion concentration. In the remaining mem- 
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bers of this series, the salt contributes such a large portion of the ionic 
strength that this approximation was unnecessary. 

The relation between —log K[ and —log Ki is given by the equation 

-log K[ = -log Ki + log 7 r + + log 7 h + “ log 7 r ++ (31) 

where Ki is the thermodynamic equilibrium constant for equation 26. 
Upon introduction of equation 12 (reference 1) into equation 31, and 
letting a' equal 4.0 A. in all cases, the following equation is obtained: 

+ (32) 

The curve given in figure 5 was calculated by this equation, using a value 
of 1.807 for —log Ki . If Simms^ equation is employed, the limiting 
slope will be decreased. The experunental accuracy of the present experi¬ 
ments has been limited by the magnitude of the term Ch+ in equation 29. 
It is not believed that the accuracy of the experimental data warrants this 
additional refinement of the theoretical calculations. 

The curves shown in figure 6 have been drawn to fit the experimental 
data. 

It was not considered feasible to investigate the effects of salts on 
— log Kz of arginine. The high alkalinity of the solutions increases the 
effects of experimental deviations to such an extent that the experiments 
lose all significance. 


C. Ornithine 

Ornithine ionizes according to the following equations: 

NHJ-(CH2),CHNHJC00H NHJ(CH2),CHNHJC0()- + H+ (33) 

NH?(CH2),CHNHJC00- NH2(CH2)»CHNHJ-CC)0- + H+ (34) 

NH2(CH*)*CHNH3'C00- NH*(CHs),CHNH2COO- +H+ (35) 

The apparent constants for these equilibria are defined by 

-log K'l = -log ch+ - log (36) 

Ce++ 

-log Ki = -log CH+ - log ^ (37) 

-log Ki = -log ch+ - log (38) 

Cr+~ 

Schmidt, Kirk, and Schmidt (8, 5) found that the values for —log Ki and 
—log Ki are 8.65 and 10.77, respectively. The difference between the 
two values is 2.12. Simms (9) has shown that for malonic acid, whose 
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constants differ by 2.59 units, the true constants may be taken as identical 
with the ‘‘titration constants.’" He has also shown that in the case of 
succinic acid, whose constants differ by 1.42 units, the titration constants 
and the true constants differ by 0.02 unit. Ornithine is, therefore, a 
borderline case. In the present calculations it is assumed that no correc¬ 
tion need be applied for “overlapping,” i.e., that the constants obtained 
by the following method of calculation are the true constants. 

The following equations were used to evaluate the ratios in equations 
36, 37, and 38: 


Cr++ = Cy — Cr — Ch+ 


Cr+ = Cr -h Ch+ 

(39) 

Cr+ = 2Cy Cj5 


+ 

1 

II 

1 

(40) 

Cr- = Cr — CqH” ■“ 2Cy 


Cr+-- = 3Cy — Cr “h CoH“ 

(41) 


where the symbols have their previous significance. Tlu^ equations are 
obtained upon consideration of the electrical neutrality of the solutions 
and the fact that ornithine dihydrochloride was employed in the ex¬ 
periments. 

The solutions used for determining the changes in —log Kx , —log if 2 , 
and —log ifs, respectively, were prepared by adding 0.5, 1.5, and 2.5 
moles of sodium hydroxide t.o each mole of ornithine dihydrochloridc^ 

■~log %+ equations 36, 37, and 38 was obtained from equation 3 
(reference 1). Cqh- was evaluated in the manner previously described. 

The effects of sodium chloride on the three constants are shown in 
figure 7. The curves have been moved to a common point of origin by 
addition or subtraction of the amount stated in the caption. 

The relation between —log K[ and —log Kx of ornithin(^ is giveni by 
equation 31. Curve I in figure 7 was calculated with the aid of the 
following equation: 

-log K[ = -log A', + (42) 

1 -f- 1.312 V Me 

which was obtained by the addition of the term Byic to equation 32. 
B = 0.0564 and — logifi = 1.705. 

Curve II of figure 7 was calculated according to the empirical equation 

-logifi - -logif 2 + BMc (43) 

where B = 0.235. Considerations similar to those that were discussed in 
connection with the theoretical calculation of the effects of salts on —log K[ 
of aspartic acid apply to the present case. 
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The relation between —log Kz and —log Kz of ornithine is given by 

-log Kz = -log Kz + log'yH+ + logTR-log'yR+- (44) 

Curve III of figure 7 has been calculated by the semi-empirical equation 

-logit.+ (45) 

which is obtained by introducing equation 12 (reference 1) into equation 
44, adding the “salting-out'' term, letting a' equal 4.0 A., and employing 



Fig. 7. The effects of sodium chloride on the ionization of ornithine. O * 
—log K[ . 6.985 units have been added to all values. □ = —log K[. # » 
—log K [. 2.065 units have been subtracted from all values. Note: the curves are 
calculated. 

the approximation that tr+- — 1.0. The values of 0.302 and 10.756 have 
been obtained for and —log Kz , respectively. 

DISCUSSION 

The effects of salts on the ionization of amino acids have been explained 
in the same manner as the effects of salts on the ionization or activity 
coefficients of other electrolytes. At low salt concentrations, the form of 
the curves showing the changes in the values of the apparent dissociation 
constants has been correctly predicted on the basis of the theory of in¬ 
terionic attraction. Because the activity coefficient of the electrically 
neutral portion of the amino acid and the “salting-out" term are propor¬ 
tional to the first power of the ionic strength, the chief factors that deter¬ 
mine the shape of the curves at low salt concentrations are the activity 
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coefficients of the other ionic species that are involved in the ionization 
equilibrium. In common with certain other electrolytes, it has been 
necessary to use a **salting-out” constant to obtain agreement between the 
experimental and the calculated values at higher salt concentrations. At 
higher values of the ionic strength, the activity coefficient of the zwitter- 
ionic portion of the amino acid plays a relatively more important part 
in determining the course of the theoretical curve. However, the theo¬ 
retical uncertainties at these higher salt concentrations and the intro¬ 
duction of the ‘^salting-out^’ term make accurate evaluation of the con¬ 
stants in Kirkwood’s equation difficult. 

In solvents of low dielectric constant, the effects of the electrostatic 
forces are increased and the effects of the non-electrostatic forces tend to 
disappear. In order to estimate the relative importance of these forces in 
determining the effects of salts on the ionization of amino acids, it would 
be of interest to determine the effects of salts in solvents with lower 
dielectric constants than that of water. 

On the assumption that none but electrostatic forces determine the 
effects of salts on the ionization of proteins as well as amino acids, the 
following method may be employed to obtain a limiting equation relating 
the pH of an ampholyte solution to the salt concentration. 

Each of the steps in the ionization of proteins and amino acids can be 
represented by the following general equation: 

ah: 4=^ AHI + H+ (46) 

where A represents the isoelectric ampholyte. The value of n is greater 
than that of m by unity. 

The thermodynamic equilibrium constant is given by 


aAH+«H+ _ CaH+Ch+ 7ahJ7h+ 
Cah+ Tah+ 


(47) 


Under the restriction that the value of the ratio —~ is constant, and 

Cah+ 

incorporating its value with that of K, 

-log Ch+ 7 h+ = —log «H+ = —log K — log 7 AH+ + log 7 ah+ ( 48 ) 
Since 

—log7AH+ = 0.6n*\/]tt; — log7AH+ = 0.5m* V/i; — log7H+ = O.Sy/jx (49) 
—logoH+ = — logX + (n® — m*)0.5\/n (50) 

Or, since n — m = 1, 


—log aH+ = — 


log K •4" (m 4" n)0.5'\//t 


(61) 
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Fig. 8 . The dissociation curves of alanine in solutions of sodium chloride. 
Curve 1 = infinite dilution; curve 2 = 0.5 Af sodium chloride; curve 3 « 1.0 sodium 
chloride; curve 4 *= 1.5 Af sodium chloride. 



Fiq. 9. The dissociation curves of aspartic acid in solutions of sodium chloride. 
Curve 1 « infinite dilution; curve 2 * 0.5 M sodium chloride; curve 3 «* 1,0 M 
sodium chloride; curve 4 « 1.5 AT sodium chloride. 

-log ch+ = -log jSl + (m + n - l)0.5\4i (52) 

Equations 51 and 52 are limiting equations. In a more detailed treat¬ 
ment it would be necessary to account for the finite size of the ions, the 
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spatial location of the electrical charges on the ions, and any specific 
effects of the salt. 

When these equations are applied to the ionization of proteins, 
m + w — 1 will approximately equal m + n, except possibly in certain 
limited pH regions immediately on either side of the isoelectric point. The 
limiting slope of the —log Ch+ : y/]k curve will differ only slightly from the 
limiting slope of the —log : \/Ji curve, provided the pH of the solution 
does not approximate too closely that of the isoelectric point of the protein. 
It is therefore possible to compare the dissociation curves of proteins, in 
the presence of salts, that have been obtained by measurements of 



Fig. 10. The dissociation curves of ornithine in solutions of sodium chloride 
Curve 1 « infinite dilution; curve 2 « 0.6 M sodium chloride; curve 3 — 1.0 ilf 
sodium chloride; curve 4 = 1.5 ilf sodium chloride. 

—log aH+ with the present results that have been obtained by measure¬ 
ment of —log Ch+. 

According to equation 51, addition of salts to a protein solution will 
cause an increase in the pH of the solution if the initial pH was less than 
that of the isoelectric point and a decrease in pH if the initial pH was 
greater than that of the isoelectric point. Results in accord with this 
have been observed on various occasions (11, 6, 12, 3). 

SuflScient data have been obtained to enable the calculation of the 
dissociation curves of alanine, aspartic acid, and ornithine in salt solutions. 
The dissociation curves of these amino acids in sodium chloride solutions 
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are shown in figures 8, 9, and 10. The constants from which the curves 
were calculated were obtained from the graphs given previously. The 
‘^titration constants” were calculated, when necessary, from the dissocia¬ 
tion constants by the method of Simms (9). The dissociation curves were 
calculated by the method outlined by Greenstein (4). 

The differences between the dissociation curves at infinite dilution and 
those in 0.5 M sodium chloride solution are all qualitatively predicted by 
equation 52. Lack of quantitative agreement at this and higher con¬ 
centrations is due to the fact that the equation is applicable to only the 
more dilute solutions. 

At all points on the dissociation curves, except where n has a value of 
unity, the effects of salts in low concentrations correspond qualitatively 
to the effects of salts on the dissociation curves of proteins. It could not 
be anticipated that the similarity would be quantitative, because of the 
structural differences between amino acids and proteins. Where n = 1.0, 
the dissociation of the amino acids is not appreciably affected by salts at 
concentrations less than 0.5 Af. The lack of similarity between the effects 
of salts on this one step in the ionization of the amino acids and the effects 
of salts on the dissociation of proteins is readily explained by the greater 
number of ionizable groups in the protein molecule and the overlapping of 
the dissociation constants. 

The complete data are on file in the Library of the University of Cali¬ 
fornia. 


SUMMARY 

1. By the use of cells without liquid-junction potentials, the effects of 
certain salt mixtures on the dissociation of aspartic acid, arginine, and 
ornithine in acid and alkaline solutions have been determined. 

2. A comparison has been made between the curves obtained by plotting 
the data and those obtained from theoretical considerations. 

3. Certain factors that are not accounted for by the theoretical equations 
have been discussed. 

4. A comparison has been made of the effects of salts on the ionization 
of amino acids and proteins. 
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J. W. SPRAUERi AND D. W. PEARCE 
Department of Chemistry, Purdue University, Lafayette, Indiana 

Received October BJ^, 19S9 

As a preliminary to a study of certain regions of the four-component 
system Na 20 -Si 02 ~Al 203 -H 20 at 25®C. some confirmatory work on the 
three-component systems Na 20 ~Al 208 “H 20 and Na 20 ~Si 02 “'H 20 seemed 
advisable. The system Na20-Al208~H20 has been investigated by Gou- 
driaan (3) and by Fricke and Jucaitis (2) at 30®C. The present work on 
this system was carried only to the point necessary to confirm the results 
of the latter investigators, allowing for the 6° difference in temperature. 
The system Na20“Si02-H20 has been investigated by Harman (4). The 
results presented at this time differ in several important respects from 
those reported by that investigator. 

MATERIALS 

Three materials were used for the preparation of the solutions: 
Al208*3 H20, Na20-Si02*9 H 2 O, and a solution (co. 50 per cent) of 
sodium hydroxide. 

The alumina trihydrate was prepared by slow hydrolysis of c.p. sodium 
aluminate solutions, filtered off, rapidly washed with cold water on a 
suction filter, and dried in a steam chest. One such preparation gave 
36.3 per cent loss on ignition (theoretical, 34.66 per cent H 2 O) and con¬ 
tained less than 0.2 per cent sodium oxide. 

The hydrated sodium metasilicate was prepared by water recrystalliza¬ 
tion of the c.p. salt, was filtered with exclusion of carbon dioxide under a 

^ This article is part of a thesis presented by J. W. Sprauer to the Graduate School 
of Purdue University in partial fulfillment of the requirements for the degree of Mas¬ 
ter of Science. 
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rubber hood fitted over the suction filter (the air being drawn through a 
soda-lime tube), washed with alcohol, and sucked dry. Analysis showed 
21.65 per cent Na20 (theoretical, 21.81 per cent) and 21.7 per cent 
SiOj (theoretical, 21.13 per cent). 

The concentrated sodium hydroxide solution was made as nearly carbon 
dioxide-free as possible by dissolving c.p. pellets in an equal weight of 
water and decanting after long settling. One such solution contained 
0.19 per cent sodium carbonate. In a few instances more concentrated 
solutions were prepared by vacuum concentration on the steam plate and 
decantation after settling. 


PROCEDURE 

Supersaturated solutions were stirred through mercury seals in glass 
equilibrium flasks contained in a thermostat. Solution samples were 
withdrawn at bath temperature from a side arm on the flask through a 
fritted-glass plug filter by means of gentle suction and were transferred to 
stoppered weighing bottles; crystal samples with adhering mother liquor 
were drawn into sampling tubes and transferred to weighing bottles. In 
some cases ‘‘residue^^ samples were rapidly centrifuged at room tempera¬ 
ture, and excess solution was decanted. 

The well-known procedure of determining composition of the solid 
phase by '^residue^' lines was not in all cases adequate in the study of the 
silicate system. The method of using a ‘‘tracer,'^ i.e., a reference com¬ 
ponent present in small proportion only in the solution phase, was found 
reasonably satisfactory. Sodium iodide was employed for this purpose. 
In three instances the solids were crystallized from a solution containing 
iodide; in all other cases the iodide was added about an hour before 
sampling. 

In general, attainment of approximate equilibrium was judged by 
analytical checks of better than 1 per cent accuracy on samples taken at 
an interval of about 1 week. Equilibrium was usually reached about 1 
month after crystallization, although the aluminate solutions frequently 
required a longer time. The time required for spontaneous crystallization 
was decreased by seeding with the equilibrium solid when it was defi¬ 
nitely known. 


ANALYTICAL METHODS 

SiOj was determined (6) by double dehydration with hydrochloric acid, 
long ignition, and volatilization with hydrofluoric acid; Na^O was deter¬ 
mined (5) as sodium zinc uranyl acetate (it was previously ascertained 
that aluminum, in its maximum concentration encountered, did not inter¬ 
fere in the presence of an optimum concentration of hydrochloric acid); 
AlfOj was determmed (6) with 8-hydroxyquinoline. Iodide was deter- 
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mined (6) by oxidation to iodate with chloriiK', n^moval of excess chlorine 
by boiling, rcidiiction to iodine with iodide, and titration with thiosulfate'. 

HESUI/rS AND DISCUSSION 

The data obtained are pn'senb'd in tables 1, 2, and 3. The data of 
table' 1, eie'aling with the dete'rmination e)f solid phase' compe)sition by the' 
^‘trace'r” me'thod, are' not eeiuilibrium value's, as will be' evide'iit upeni 
re'fe're'iH'e' te) the me'thoel of pre'j)arat.ion. 


TABLE 1 

Composition of the solid phase in the system N}i 2 () HiO-i II 2 O 


NO. 


SOLUTION 



ItlSHlDUE 


HOLll> 1‘HAHK 

CALCULATED MOLAK RATIO 

- 

Na/) 

per cent 

Sie)2 

per cent 

I 

per cent 

NaaO 

per cent 

S 1 O 2 

per cent 

1 

per cent 

Na/) : 

SiO* 

TbO 

15 

27 2 

1 55 

0 200 

81 4 

11 8 

0 146 

8 1 

2 

11 0 

H) 

88 0 

0 84 

0 810 

81 9 

12 1 

0 181 

8 4 

2 

18 7 

17 

27,2 

1 02 

0 481 

81 8 

10 8 

0 288 

8 8 

2 

12 8 

18 

88 2 

0 86 

0 410 

85 2 

11 5 

0 197 

8 8 

2 

12 7 

19 

87 1 

0 88 

0 188 

87 0 

12 1 

0 256 

2 9 

2 

10 1 

20 

26 4 

2 07 

0 800 

80 9 

11 9 

0 167 

2 91 

2 

10 8 

21 

27 9 

1 01 

0 86() 

82 8 

14 2 

0 155 

2 90 

2 

11 1 

22 

41 0 

0 84 

0 248 

48 9 

18 5 

0 186 

8 1 

2 

5 2 

28 

85 4 

1 00 

0 210 

41 4 

17 1 

0 112 

2 7 

2 

8 8 

24 

20 1 

2 29 

0 8()0 

28 1 

10 8 

0 178 

0 98 

1 

4 5 

25 

20 7 

2 89 

0 890 

24 4 

10 8 

0 149 

1 08 : 

1 

0 12 


Notes: 15 iiiid Hi: n'SKluo from Kamplos No. 10 and llL sodium lodidi' addod and 
con tri fillet'd. 

17, IS, and 10: rosiduo from samplos No. 10, 18, and 14 at room tompoiaturo 
for 2 wooks, sodium iodido addod and contritii^:od, 

20 and 21: sodium iodido in .suporsaturatial solution; orystallizod by soodinft 
a.t 25‘^(' , analysos aftor 8 days. 

22 and 28: spoutanoously crystallizod at room tiuniioratun* with occasional 
shaking for si'voral weeks; sodium iodido adtlod. 

21: sodium iodido in supersaturated solution; sfiontanoously crystalliz(‘d at 
room temperature; analyst's after 8 days. 

25: residue from sample No. 5 at room tempt'ratiire for several weeks, sodium 
iodide added and centrifugt'd. 

Assuming the iceliele iiresetit einly in the solutiein phase and unife)rmly 
distribut-e'd, emei may cale*ulate the se)lid ])hase' com))()sitie)n re'])e)rle‘el in 
the' last thre'e columns e)f table 1. Such a calculation is subject te) e'umula- 
tive error and is stre)iigly de'i)emde*nt iipe)n the ioeiide analyse\s. The pre)- 
portion of wate'r in the crystal, since' it is determined by ditference', is 
espe'cially subje'ed; te) e*rror. Heiwe'ver, the' method is fe'lt to be sui)e'rior te) 
the determination of ce)mposition by the interse'ctieni of ^^tie line's. 
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Fia. 1 . Photomicrographs, a, lower hydrate of 3Na20-2Si02, analysis No. 22 ; 
b, Na20*Si02.6H20, aged crystals; c, freshly precipitated Na20‘Si02*6H20; d, spon¬ 
taneously crystallized 3Na20*2Si02*111120, aged; e, seeded 3Na20*2Si02*11^20, 
analysis No. 9 B before seeding with Naa 0 * 8 i 02 * 61120 ; f, NaaO-AlaOi* 2 . 51120 . 

The assumption of uniform distribution of iodide is dependent upon the 
efficiency of mixing in the cases in which iodide was added after crystal- 
ligation. If there were solution containing no iodide trapped within the 
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crystal, the Na 20 :Si 02 and H 20 :Si 02 ratios of the calculated composition 
would be high, since the solution in all cases was relatively poor in silica. 
When iodide was added before crystallization, this would not be the case; 
therefore, such values should be given added weight. The distribution 
of iodide would be more nearly uniform in the case of large, well-formed 
crystals. 

The detennination of the composition of 3Na2()-2Si()2*llH20 by the 
intersection of ‘^tie lines*’ would have been impossible without greatlj^ 
increasing the analytical accuracy and without growing larger, well- 
formed crystals by controlled seeding. However, the calculated composi¬ 
tion by the “tracer” method is reasonably well represented by the formula 
given. Analyses No. 20 and 21 should be given added weight, both because 
iodide was added before crystallization and because the crystallization 
was effected by seeding. Photomicrographs of fairly characteristic* crys¬ 
tals (3f 3Na20*2Si02-llH20 arc shown in figure 1, d and e. This is the 
formula give by Morey (7) and mentioned in a footnote by Baker, Wood¬ 
ward, and Pabst (1), who reported crystallographic; data on sodium meta- 
silicatc* pemta-, hexa-, octa-, and nona-hydrates. It presumably is the 
“crystalline' sodium pyrosilicate hydrate” of Waddell (9). 

Analyscss No. 22 and 23 show cwidenc;e of lower hydrates of this salt. 
A photomicrograph of the No. 22 crystals is shown in figure 1, a. The; 
crystals of No. 23 were, unfortunatc'ly, not photographed, but were dis¬ 
tinctly different from any of the otliers, being in the form of thick nc^edles. 

The sodium metasilicatc hexa- and nona-hydrates arc; wc'll known. 
However, the* characteristic habit of the hexahydrate observed in this 
study bore little rc\semblance to the triangular plates in the photographs 
by Vail (8), who summarizes the early work on this systc^m, or to those 
of Baker, Woodward, and Pabst. The c^bserved habit is well illustiated 
by figure 1, b. 

Analysis No. 24 shows evidence of a lower hydrate of metasilicate 
obtained in one attempt to crystallize 3Na20 • 2 Si 02 • 11H 2 O spontaneously. 
The crystals were of indistinguishable form. On the basis of only one* 
analysis, identification with either the pentahydrate of Baker, Woodward, 
and Pabst or the tetrahydrate of Vail would be unjustified. It is thought 
to be metastable at 25°C., though the solution falls fairly close to the 
solubility curve. 

The reproducibility of equilibrium data may be judged by the separate 
determinations of the invariant points of tables 2 and 3. The differences 
are at least of the order of maximum estimated analytical error and pre¬ 
sumably of the order of error in attainment of equilibria. 

The data obtained in this study and the results of Harman are compared 
graphically in figure 2. Our region of stability of sodium metasilicate 
hexahydrate cannot be metastable with respect to the nonahydrate, since 
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the seeding with nonahydrate of any solution in this region merely resulted 
in the dissolving of the seed. Hannan did not experimentally establish 

TABI.E 2 


Equilibria in the system Na2(>-Si02-H20 at 25°C. 


NO. 

COMPOSITION 

NaaO 

OF* SOLUTION 

SiOa 

SOLID PHASE 


per eent 

percent 


1 

9.65 

10 1 

NajO-SiOj-OHjO 

2 

8.69 

2.93 

NasO-SiOs-OHaO 

3 

17.8 

1.46 

* NaaO-SiOa-OHsO 

4A 

21.06* 

2.03* 

NaaOSiOa-OH^O + NasO-SiOaGHaO 

4B 

21 03* 

1 98* 

Naj()Si02-9Hj() + NajO-SiOrOHjO 

5 

20.6 

2 18 

NaaO • SiOa• 6II2O (metastable) 

6 

21.8 

1.97 

NaaO• SiOa• 6112O (metastable) 

7 

22.9 

1 98 

N aaO • SiOa * 6H2O (metastable) 

8 

24 2 

2 04 

NaaO-SiOa' 6 H 2 O (metastable) 

OA i 

25.7* 

1.83* 

NaaO*SiOa-GHaO SNaaO ^SiOa-1 iHaO 

9B 

25.9* 

1.87* 

NaaO* SiOa-GHaO + 3Naa0*2Si02-IIH2O 

10 

27.2 

1 55 

3Na20*2Si0allH20 

11 

27 8 

1.23 

3Na20*2Si0allIl20 

12 

28.9 

0.75 

3Na20*2Si02nnaO 

13 

33.0 

0.34 

3Naa0*2Si02-nH20 

14 

36.7 

0.30 

3Na20*2Si02llHa0 


* Determinations on separate equilibrium preparations. 


TABLE 3 


Equilibria in the system Na20-Al2().r II 2 O at B6°C. 


NO. 1 

SOLUTION 

BESIDUB 

SOLID PHASE 

NaaO 

AlaOs 

NaaO 

AlaOa 


per cent 

per cent 

per cent 

per cent 


26 

38.5 

0.65 



NaaO*Al 203 * 2 * 5 IIa 0 4* “Trisodium 






aluminate“t 

27 

36.0 

0 97 

35.0 

9.80 

Naa0Al203*2.5Ha0 

28 

28.8 

2.16 

29.0 

11.14 

Naa0Ala03*2.5H20 

29 

26.0 

6.05 



Na 2 O.AlaO 3 - 2 . 5 H 2 O 

30 

21,1 

15.5 

25.2 

29.5 

Na 2 O.AlaO 8 - 2 . 5 H 2 O 

31A 

20.91 

23.6t 



Na20*Al203.2.5H20 -f AlaOa-SHaO 

31B 

20.1 

23.4 



Na 2 O.Al 2 O 3 - 2 . 5 H 2 O -f ALOs-SHaO 

32 

18 6 

9.7 



ALOa-SHaO 


t Three weeks in thermostat as compared to about 7 weeks for 31B. Determina¬ 
tions on separate preparations. 

t Reported by Fricke and Jucaitis (2) as 3Na20-Al20s*61120. 


univariant points but obtained them by intersection of the solubility 
curves, whereas most conclusive in regard to the accuracy of the present 





O 10 20 

Fig. 2. The system' NaaO“SiOa-H20 at 25®C. -, present work;-, Harman 



0 to 10 30 

Fia. 8. The system NaiO-Al|Or*HtO. -, present work at 25®C.;-, Fricke and 

Jucaitis at 30^0. 
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work in this respect is the reproducibility of the univariant point 
Nat0«Si0ft*6H20-Nas0«Si0f9Ht0 as indicated by analyses No« 4A and 
4B, table 2. 

Hannan’s reported region of stability of Na«0«Si0a*6Hi0 might pos¬ 
sibly be a metastable extension of our equilibrium curve. No attempt 
was made to follow the metastable curve. 

In figure 3 the present data on the sodium aluminate system are com¬ 
pared with that of Fricke and Jucaitis (2). The crystalline habits of the 
two aluminates were identical with the photomicrographs which illustrate 
the paper of these investigators (cf. figure 1, f). No attempt was made 
to check the composition of the high-soda aluminate. Microscopic identi¬ 
fication of the two spontaneously crystallized aluminates established the 
univariant point. 


SUMMAKT 

1. The system Na20--SiC)2“H20 has been investigated at 26®C. from 
the ratio Na^OiSiOa equal to 1:1 up to 36 per cent NaaO by weight. 

2. The phase diagram shows, in several places, marked differences from 
that derived from the work of previous investigators. In particular is 
the field of stability of Na^O-SiOa-OHaO at lower NaaO concentrations 
than reported by Harman. 

3. Evidence for the compound 3NaaO»2SiOa*(ll?)HaO at stable equi¬ 
librium is presented; lower hydrates may exist at somewhat higher tem¬ 
peratures and concentrations. 

4. Some data on the system NaaO-AlaOs-HaO at 25°C. are presented. 

We wish to acknowledge gratefully the valuable help given to us from 
time to time by Professor R. F. Newton of this laboratory. 
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Received December 22^ 1929 

The partial vapor pressures of the constituents in binary mixtures of 
n-butyl alcohol and water were measured by a modification of the method 
of Winkelmann (6), which consists in passing a measured amount of inert 
gas,—in this case air,—through a solution, removing the absorbed vapors, 
and determining their weight and composition. 

The glass contact tower A (figure 1), 1.8 cm. inside diameter by 100 cm. 
high, as measured between the entrance openings B and C for liquid and 
gas, respectively, was packed with shoe-eyelets (5) from a point 5 cm. be¬ 
low C to a height of 6 cm. above B. After passing through the calibrated 
wet-gas meter D, air was dried in the calcium chloride tower E, and passed 
through the soda-lime tower F and the bubbling tower G, which contained 
about 260 ml. of the same n-butyl alcohol-water solution as was circulated 
through the contact tower. After leaving A, the saturated air passed 
through the preheater H (resistance wire wound around the glass tube), 
where it was slightly heated to prevent any condensation, to the trap I, 
which was a U-shaped glass tube, the entrance leg having an internal 
diameter of 3 cm. and the bulb a capacity of approximately 50 ml. The 
n-butyl alcohol and water were condensed out of the air in the trap by 
means of a saturated solution of carbon dioxide in methyl alcohol, con¬ 
tained in the Dewar vessel J. Most of the water collected in the enlarged 
section where the ice adhered to the walls in large needles, while the larger 
portion of the n-butyl alcohol collected in the bulb. The air then passed 
to the house vacuum line, its pressure being measured by the manometer 
K and controlled by the manostat L. • 

The aqueous ?i^butyl alcohol was stored in the feed tank M (a 6-gallon 
tin can), which was equipped with a gauge glass Q, thermometer P, heater 
R, stirrer N, and toluene thermoregulator 0 (ifc 0.01®C.). It passed 
through the feed regulator S and a liquid trap T, and was collected by the 
sump tank U, from which it was returned to the feed tank by a small rotary 
pump V. Neoprene tubing was used to make the few necessary glass- 
metal and glass-glass connections. 

The n-butyl alcohol was dehydrated by refluxing with benzene and re¬ 
moving the water layer from the distillate. After preliminary removal of 
the benzene, the n-butyl-alcohol-rich layer was fractionated in a 22-plate 
(approximately) column, the fraction between 117.40® and 117.45®C. 
bcdng used for these experiments. 
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. Samples were analyzed with the aid of a Zeiss-Raieigh interferometer 
(1) (cell 5 mm. long) kept in the same tbermostated room (at 30°C. ± 
0.1°) as that containing the vapor pressure apparatus. 

liie solution of a previous run was diluted slightly. After circulation 
through the contact tower at 50 or 60 mi. per minute without air flow and 
when temperature equilibrium was estabUshed, a sample was withdrawn 
and analyzed inteiferometrically. The flow of air was then adjusted to 
approximately 5 liters per hour, which was far below the safe maximum 
rate which was determined by preliminary tests. After approximately 
80 liters of air had passed, the air stream was discontinued, and the trap 
was disconnected and closed with neoprene dams. After reaching room 
temperature, it was weighed, n-butyl alcohol was added to obtain a homo- 

RNO 



Fig. 1. Apparatus for measuring partial pressures of constituents in volatile 

mixtures 

geneous solution, the trap was again weighed, and the contents were 
analyzed. 

The results are given in table 1, where the first column gives the mol 
fraction of n-butyl alcohol in the solution in the tower, the second the dry- 
air volume in liters, the third the pressure at the top of the tower (which is 
the barometric height less the reading on the nxanometer K), the fourtii 
the weight of condensed vapor, the fifth the average mol fraction of the 
condensate, the sixth the mol fraction of n-butyl alcohol in air at 1 atm. 
total pressure (designated pi), the seventh the mol fraction of water in 
air at 1 atm. (designated pi), and the eighth and ninth the activities of 
n-butyl alcohol and water, ne^>e£tively. 

If we assume that the gaseous solution is perfect, then the activity of 
n-butyl alcohol in the solution is given by the exprestion pi/pi, where 
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is the mol fraction of the pure n-butyl alcohol at 30®C. in air at 1 atm, total 
pressure. Actually, p? was taken equal to the vapor pressure of n-butyl 
alcohol at 30®C. from the International Critical Tables (3). This procedure 
is justified by the fact that the measured values of pi shown in figure 2 
extrapolated satisfactorily to the assumed value of p?. Similarly (3) we 
have the values of the activity of water, 02 , shown in figure 2 and given 
in the last column of table 1. The solid curves of the activity shown in 
figure 2 were drawn through the experimental points, the circles on the 
curve being at the concentration of the mol fraction of water in the two 
conjugate liquid phases. The broken curves representing the activities 


TABLE 1 

Activities of n-butyl alcohol and water 


Nl 

(■OLVnON) 

V 

(dbt axb) 

P 

(in towbb) 

WBXOKT 
OF OON- 
DBNSATB 

Ni 

(OONDBN- 

BATB) 

piXlO* 

P*X10» 

ai 

os 

0.9468* 

litera 

87.666 

mm. 

743.5 

tram. 

4.0724 

0.5512 

12.539 

10.211 

0.999 

0.234 

0.9115* 

81.013 

744.0 

3.9402 

0.4294 

11.882 

15.789 

0.949 

0.377 

0.8816 

76.613 

747.1 

3.8610 

0.3631 

11.329 

19.868 

0.905 

0.475 

0.8455 

85.696 

751.0 

4.5062 

0.3198 

11.026 

23.447 

0.880 

0.560 

0.8190 

87.933 

747.7 

4.7882 

0.2897 

10.737 

26.618 

0.866 

0.635 

0.8048 

81.477 

746.6 

4.5128 

0.2756 

10.461 

28.224 

0.857 

0.674 

0,7805 

78.867 

745.8 

4.4397 

0.2558 

10.197 

30.434 

0.835 

0.726 

0.7553 

71.164 

745.1 

4.046 

0.2408 

10.184 

32.145 

0.814 

0.769 

0.7338 

90.759 

744.4 

5.260 

0.2336 

10.171 

33.421 

0.812 

0.798 

0.7105 

50.548 

745.7 

3.001 

0.2245 

10.171 

35.132 

0.811 

0.839 

0.6885 

83.069 

744.8 1 

4.879 

0.2148 

9.803 

35.842 

0.782 

0.856 

0.6680 

97.714 

744.2 1 

5.838 i 

0.2088 

9.776 

37.053 

0.780 

0.884 

0.6420 

64.963 

742.8 

3.897 

0.2012 

9.592 

38.092 

0.765 

0.909 

0.6195 

72.535 

748.1 i 

4.380 

0.1970 

9.539 

38.882 

0.761 

0.928 

0.5965 

74.980 

749.0 

4.545 

0.1919 

9.421 

39.671 

0.752 

0.947 

0.0076 

81.418 

744.2 

3.803 

0.1000 

4.605 

41.447 

0.368 

0.990 


* Preliminary measurement. 


of ?i-butyl alcohol and water were estimated with the aid of the expression 

( 4 ) 

( 1 ) 

Pi\dNi/p,T P*\3N*/r,r 

There are two experimental measurements of the activity of 7t-butyl 
alcohol and water by Butler, Thomson, and Macletman (2) at 25°C., which 
are shown as double circles in figure 2. The agreement with our measure¬ 
ments is excellent. The partial mol of heat of dilution of the constituents 
is small. 

The {^reement between the calculated and experimental values of the 
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slopes is shown in table 2, where the symbols represent quantities already 
discussed. 

We wish to thank Dr. Bruce Longtin for many valuable suggestions 
and Mr. Beppino Fontana and Mr, William Twitchell for the use of their 
fractionating columns. 
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Fiq. 2. Activities of the constituents in n-butyl alcohol-water mixtures at 30®C. 


TABLE 2 


Slope of the fugaciiy of water versus mol fraction curve 


Ml 

piXlO* 

ptXW 


(camulatsd) 

(iXPBBXltBMTAL) 

0.6 

9.41 

39.6 

4.74 

29.9 

31.1 

0.7 

9.86 

36.6 

6.79 

48.9 

60.7 

0.8 

10.62 

31.3 

7.36 

89.0 

90.8 

0.9 

11.39 

17.37 

10.00 

161.2 

148.8 

0.99 

12.44 

2.24 

12.50 

222.3 

217.3 
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The purpose of this paper is to present data on the effects associated 
with the thermal aging of barium sulfate precipitates and to establish an 
hypothesis as to the probable mechanism involved. The term “thermal 
aging’’ is used in a collective sense, involving any permanent structural 
or dimensional or other change occurring in a precipitate when it is sub¬ 
jected to various temperatures. The method followed in this study was 
to prepare samples of barium sulfate which were both physically and 
chemically imperfect and to study changes in their physical and chemical 
character after various heat treatments. The thermal effects were studied 
by measuring the loss in weight on heating, by determining the specific 
surface of the heated products by adsorption of wool violet and water and 
by chromate exchange, by measuring the sedimentation volume, by deter¬ 
mining the extractability of impurities, and by observation under the 
microscope. 


PREPARATION OF BARIUM SULFATE 

Proditci Ci: Forty grams of c.p. barium chloride dihydrate was dissolved 
in 240 ml. of water at room temperature. This solution was added over a 
period of 1.5 min. to a vigorously stirred solution of 24 g. of anhydrous 
sodium sulfate in the same volume of water (the sulfate was about 3 per 
cent in excess of the amount of barium). The suspension was quickly 
transferred to 250-ml. bottles, and centrifuged for 6 min. The supernatant 
liquid was immediately poured off, 150 ml. of water was added, and the 
bottles were shaken mechanically until the precipitates were well sus¬ 
pended, after which the suspension was centrifuged again. The super¬ 
natant liquid was discarded and the above washing process repeated eight 
times, after which no visible turbidity was obtained in a test for sulfate 
in the supernatant liquid. The age of the precipitate at this time was 
46 min. The precipitate was now washed twice with 50 per cent ethanol, 
once with 95 per cent ethanol, and twice with absolute ethanol. To re¬ 
move the alcohol, air was sucked through, and the precipitate was placed 
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in an oven at SOPC. for 4 hr. and finally kept in a deaioeator ov^ mitfurie 
add. Several batches of the above predpitate were prepared s^d thor¬ 
oughly mixed. 

Prodvd Ct: This was prepared in a siinilar mtmner, except that the 
washing with water required 4 hr. before the treatment with alcohol. 
Consequently product Ci was more aged than Ci and had a smaller specific 
surface. 


LOSS IN WBIOBT ON HBATING 

In the following experiments about 5-g. samples of barium sulfate Ci 
and Ci were heated in a platinum crucible at various temperatures for a 
given period of time. The barium sulfate rested loosely in a heap in the 


TABLE 1 

Lottes in weight of barium sulfate products Ci and Ct on heating 


TaMPlSATUBl 

LOM XH WaiOOT or fBOOITCV 
Cl WBBN aSATID 

TSimiBATUBli 

or SBAnxo 

LOM XN WUOHV Or PBODUCT C« 

WBBH BSATBD 

1 hour 

34 houra 

1 hour 

34 hours 

80 hours 

•c. 

mg, p$r gram 

mg, ptr gram 

•c. 

mg, ptr gram 

mg, ptr gram 

mg, ptr gram 

100 

0.04 

1.36 

100 

0.2 



210 

2.64 


247 

2.34 



310 

8.14 

10.7 

300 

3.60 

4.40 

9.6 

396 

10.98 

16.9 

380 

5.32 



520 

20.08 

20.5 

400 

7.3 

11.4 

12.04 


20.2 


500 ' 

11.20 

11.22 

11.6 

825 

20.9 


600 

12.40 

12.48 



25.0 


810 

12.48 

14.04 

14.44 


28.7 


970 

14.44 

14.5 





1020 

14.44 

14.45 



bottom third of the crucible. After each period of heating the residue was 
cooled in a desiccator over concentrated sulfuric acid and weighed. The 
losses in wdght are given in table 1. 

By the following experiments it is shown that the loss in weight upon 
heating to temperatures of TOO^C. are to be attributed to an escape of 
water. Samples of about 0.4 to 0.5 g. of the original air-dry product Ci 
were heated in a micro combustion tube for 1 hr. at 580*^. with a slow 
current of dried air passing through. A micro adsorption tube filled with 
magnesium perchlorate and weighed to the nearest 2 micrograms was 
attached to the combustion tube. The losses in weight of the samples 
corresponded to those given in table 1 at temperatures between 570° 
and 880°C. and were equal to the gains in weight of the adsorption tube. 
Condensed water was observed at the exit of the combustion tube during 
the heating. Moreover, samples of barium sulfate were heated under 
rimilar conditions and the escaping gas passed through 1 ml. of water. 
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The pH of the water was unchanged and no chloride or sulfate was de¬ 
tectable. 

The experimoats were repeated with samples of product C* and corre¬ 
sponding results were obtained. 

Upon longer periods of heating at 810®C. (table 1; see figure 1) or upon 
short periods of heating at higher temperatures an increased loss in weight 
was noticed. As the samples of barium sulfate used were not pure and 
contained occluded sodium chloride and sulfate in addition to water, it 
was thought that the additional losses in weight obtained at temperatures 
above 800®C. might be attributed to the volatilization of sodium chloride. 
This was proved to be true by the following experiments: One-gram 
samples of product Ci were heated in a platinum boat which was contained 



Fio. 1. Loss in weight of products Ci and Ci on heating. Curve 1, product Ci 
1 hr.; curve 2, product Ci, 24 hr.; curve 3, product Cj, 1 hr.; curve 4, product C», 24 
hr.; curve 5, product Ci, 80 hr. 

in a quartz tube through which passed a stream of dry air. A micro water 
adsorption tube weighed to the nearest 2 y was attached to the end of the 
quartz tube. The gains in weight of the adsorption tube were 12.08 mg. 
idter heating for 1 hr. at 800®C. and 12.11 mg. after heating for 1 hr. at 
1000®C., whereas the losses in weight of the precipitate were 12.3 mg. and 
14.1 mg., respectively. Hence, the difference between the latter two 
figures is not caused by an escape of water after the precipitate had been 
heated to 800®C. The results reported in table 3 show that the additional 
loss in weight obtained at temperatures above 800®C. is to be attributed 
to a volatilization of occluded sodium chloride. Chloride was determined 
by di^lving the samples of barium sulfate in concentrated sulfuric acid, 
followed by distillation of the hydrochloric acid, which was collected in 
water. The chloride was precipitated, filtered on a Jena micro filtering 
ttd)e, and wdghed as silver cUoride to the nearest 2 y. Sodium was 
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(tetennined by dissolving the samples in ccmcentrsted sulfuric acid and 
reprecipitating the barium sulfate with water. After filtration the barium 
sulfate was redissolved and reprecipitated. The combined filta-ates were 


TABLE 2 

Chloride and sodium contents and total losses in weight of samples (Cg) after heating 
for 1 hr, at specified temperatures 


TIlirBBATVBX 
or HBATIWO 

LOSS IB 
WBIQBT 

CBLOBIDB 
CONTBMT BX- 

pbbssbo as 
NaCl 

SODIUM 
COHTBITT BX> 

pbbssbd as 
NsCl 

TOTAL LOSS 
nr WBIOBT 
MINUS LOBS 

nr WATBB 

DBOBSASa or 
CBLOBIDB 
COMTBMT BX- 
PBBSSBD AS 

NsCl 

DBCBBAsa or 

SODIUM CON- 
TBNT BX- 
PBBSSBD AS 

NaCl 

•c. 

per eent 

per eent 

0.22 

per eent 

0.89 

per eent 

per eent 

per eent 

600 

1.24 

0.21 

0.88 

0.0 

0.0 

0.0 

800 

1.26 

0.17 

0.82 

0.02 

0.04 

0.06 

1000 

1.44 

0.04 

0.68 

0.20 

0.18 

0.20 



i 


tc. 


HEATING TEMPERATURE, ’C 

Fig. 2. Adsorption of water vapor and of wool violet by the heated products Ci and Cz 



SUBSTANCS ADSOBBBD 

PBODUCT 

TIMS 




koure 

Curve 1. . 

Wool violet 

Cl 

1 

Curve 2. 

Wool violet 

Cx 

24 

Curve 3. 

Water 

c, 

1 

Curve 4 .... . 

Water 

Cl 

24 

Curves.| 

Wool violet 

Cj 

1 

Curve 6.; 

Wool violet 

c, 

24 

Curve 7.i 

Wool violet 

c, 

80 

Curve 8. 

Water 

c, 

1 

Curve 9. 

Water 

c, 

24 

Curve 10. 

Water 

c, 

80 


evaporated to dryness in platinum and the sodium determined in the resi¬ 
due as sodium zinc uranyl acetate. The tunounts of chloride and sodium 
found are expressed in taMe 2 as sodiim chloride. Evidentiy the greatest 
part of the occluded soditun is present in the form of sodium sulfate. 
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The last three columns in table 2 show that the difference between the 
total loss in weight and the loss in water after heating for 1 hr. at 1000®C. 
is equal to the loss caused by the volatilization of sodium chloride. 


TABLE 3 

Specific surface: adsorption of water and wool violet 


Period of heating in houn . . 

1 

24 

1 

24 

1 

24 

PRODUCT 

TSMPRBA- 
TURK OP 
BSATZNO 

GAIN IN WBIOHT (RBL- 
ATIVB VAPOR TENSION 

- 0.67) 

WOOL VIOLBT 
ADSORBBD 

BPBCIPIO SUBPACB 


•c. 

mg. per gram 

mg. per gram 

M.* per gram 

Cl . . 

100 

1 4 4 

4,7 

10.2 


9.7 



210 

4.6 

4.9 

10.3 

10.3 

9.8 

9.8 


310 

4.6 

4.6 

10.2 

10.0 

9.7 

9.5 


395 

4.3 

2.5 

10.5 

5.7 

10.1 

5.5 


520 

0.54 

0.46 

1.1 

0.75 

1.06 

0.7 


680 

0.08 

a* 

(a)t 

a 

a 

a 


825 

<0.1 

a 

(a) 

a 

a 

a 


1020 

a 

a 

(a) 

a 

a 

1 ^ 


1210 

a 

a 

(a) 

a 

a 

a 

Pwiod of heating in hours 

1 

24 

80 

1 1 

1 24 1 

80 

PRODUCT 

TBMPSRA- 

TURB 

GAIN IN WBIGHT (rBLATIVB VAPOR 
TBNSION “ 0.67) 

WOOL VIOLBT ADSORBED 


•c. 

mg. per gram 

mg. per gram 

Ci. 

100 

1.48 



3.52 




247 

1.48 



3 53 




300 

1.48 

1.48 

1.48 

3.50 

3.50 

3.15 


380 

1.48 



3.54 




400 

1.48 

0.72 

0.64 

3.54 

1.76 

1.52 


500 

0.7 

0,06 

0.04 

1.62 

0.11 

0.09 


600 

0.24 

0.02 


0.60 

0.05 

a 


810 

0.06 

a 

a 

a 

a 

a 


970 

a 1 

a 

a 

a 

a 

a 


1020 

a 

a 

a 

a 

a 

a 


* a * too small to be determined, 
t (a) *■ not determined. 


SPECIFIC SURFACE AFTER HEATING 
Adsorption of water vapor 

The heated products were placed in a hygrostat over deliquescent sodium 
bromide dihydrate (relative vapor tension = 0.57) until constant weight 
was obtained. The water taken up at this humidity was readily given off 
again over concentrated sulfuric acid. Qualitatively the behavior of 
product Ca was found to be comparable to that of Ci, although the former 
had a specific surface which was only about one-third of that of product 
Cl. The results are summarized in table 3 (sec figure 2), 
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Adtorptiont^ woolvkM 

The specific surface was determined by the wool violet method de¬ 
scribed in a previous paper (3). The amounts of dye adsorbed were 
compared with those obtained with a product of known specific surface. A 
suitable amount (0.1 to 0.2 g.) of barium sulfate was shaken with 25 ml. 
of a wool violet solution containing 0.5 g. of dye per liter. After cen¬ 
trifuging, ^e dye content was determined in the clear supernatant liquid. 
The results obtained with product Ci are givm in table 3 (see also figure 2). 

Exchange vdlh chromate ion 

From the exchange between chromate and sulfate ions in the surface of 
barium sulfate it is possible to calculate the specific surface of the latter 
(1). Upon shaking 0.4 g. of the original unheated sample (Ci) of barium 


TABLE 4 

Speed of exchange with chromate (product C\); specific surface of barium sulfate 


1 

TBMFSBATXJUD 

OFHBATIIIO 

TIMB OF 
BIATIMO 

H 

H 

H 

■PBCXFIO OUBFACB 

sor- X 10-“ 

P«B GBAlf OF 

BaBOs 

BFBCIFIO BUBFACa 

Bb++ X 10-“ 

FBOM DTB 
ADBOBFTION 

•c. 

hovsn 

fMr emi 

fMr CMt 1 

fMr cbtU 





32.4 


28.7 

5.8 

5.1 

100 i 

24 


46.5 

27.9 

5.5 


200 i 

24 

39.7 

42.8 

27.5 

5.9 

5.1 

300 

1 

30.6 

45.0 

28.0 

6.3 

5.1 

300 1 

24 

26.4 

34.5 

24.8 

5.3 

5.0 

400 

1 

27.3 

88.5 

25.5 

5.5 

5.2 

400 

24 

18.0 

22.0 

17.5 

3.3 

2.85 

500 

1 

4.5 

7.0 

4.1 

0.63 

0.55 

500 

24 

3.5 

5.0 

3.0 

0.45 

0.37 


sulfate with 50 ml. of an aqueous solution which was 0.001 molar in both 
sodiiw chromate and sulfate, the percentages of chromate r^oved were 
22.7, 26.6, 31.2, and 53.0 after 20 min., 60 min., 180 mm., and 21 hr., 
respectively. Extrapolation to a zero time of shaking yields an exchange 
in the surface corresponding to a removal of 28.7 per cent of chromate, 
and a specific surface of 5.75 X 10^* sulfate ions per gram of barium sulfate. 
This figure is in good agreement with the specific surface of 5.1 X 10^* 
barium ions per gram calculated from the adsorption of wool violet (table 
3). In the following experiments 0.4-g. samples of the heated barium 
sulfate (Cl) were shaken for 3 hr. and 20 hr. with 50-ml. samples of the 
above chrmnate-sulfate solution, and the supernatant liquids aftm* cen¬ 
trifuging were analyzed for chromate. By a linear extnqrolation to a aero 
time ^ shaking the amount of chromate exchanged in the surface was 
found, and from this and the oonqrosition of the solution the specific surface 
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was calculated. The linear extrapolation gives only approximate values 
of the surface exchange, as the products were fairly imperfect. However, 
the order of magnitude of the calculated specific surface should be correct. 
The results are given in table 4. The, speed of penetration of the chromate 
into the sulfate gives an indication of the degree of perfection of the 
product (4). The slope of the lines giving the percentage of chromate 
removed with time of shaking is given in figure 3. It is seen that the prod- 



Fio. 3. Removal of chromate from solution by heated products 



TBSATMBNT OF BABIUM BOLFATB (Cl) 


Tempwatura 

Time 


•c. 

hOW8 

Curve 1 (original). 

Curve 2. 

100 

24 

Curves. 

300 

1 

Curve 4. 

200 

24 

Curve 6 . 

400 

1 

Curve 6 . 

300 

24 

Curve 7. 

400 

24 

Curve 8. 

500 

1 

Curve 9. 

500 

24 




ucts are hardly perfected when heated for 1 hr. to temperatures of 400®C. 
When they are heated for 24 hr. at 300°C. the slope of the line becomes 
slightly less, which may be due to a difficulty in breaking up the agglomer¬ 
ated particles. The decreased slope of the lines obtained with the products 
heated for 24 hr. at 400'’C. and for 1 hr. or longer at 500°C. is due mainly 
to a decrease of the specific surface as a result of sintering. No conclusive 
indication is obtained from these experiments that the precipitates perfect 
thenudives at temperatures of 500”C. 
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saonfONTATtON TOLUMB (PBODITOT Ci) 

One^ram samples of the heated products were shalcen for 24 hr. with 
25 ml. of distilled water. After centrifuging, the pH was determined in the 
supernatant liquid with the glass electrode and found to be equal to 
5.5 d: 0.3 in the extracts of all of the heated products (100^1200'’C.). 
The precipitates were transferred to 15-ml. graduated conical centrifuge 
tubes and centrifuged slowly (800 b.p.m.) for 5 min. The volume <rf the 
precipitates was read and the tubes were centrifuged for another 5 min. 
When the second reading differed from the first, a third centrifuge treat¬ 
ment for 6 min. was given. Duplicates were run in each case with agree¬ 
ment as good as the reading of the precipitate volumes (0.02 ml.). The 
results are given in table 5. The sedimentation volumes of the first four 

TABLE 5 


Sedimentation volume (product Ci) 


HSATINO OF BABITTII SmUFATB 

aBDlliaNTATlOB 

voLTmi: 

HBATIMQ OF BABI17M SmbFATB 

SBBllfaNTATlON 

VOLtrilB 

T«mp«rBture 

Time 

Temperature 

Time 


iaurt 

m2. 

•c. 

ho%ir$ 

ml. 



0.90 

500 1 

1 

0.45 

100 

1 

0.92 

680 

1 

0.38 

300 

1 

0.90 

825 

1 

0.33 

400 

1 

0.91 

1020 

1 

0.33 

400 

24 

0.63 

1210 

1 

0.33 


products undoubtedly would have been greater if aging during the 24 hr. 
of shaking vrith water had been prevented. 


BXTBACTABILITT OF OCCLUDED CHLOBIDE AND SODIUM (PRODUCT Ci) 

The extraction experiments were carried out with a Soxhlet apparatus, 
using 5-g. samples. The extraction was allowed to run for 2 hr., during 
which time the liquid filled the chamber twenty-two times. Extractions 
were also run for 10 hr., but the amounts of chloride and sodium extracted 
never exceeded 2 per cent of those extracted after 2 hr. The extracts 
were diluted to 250 ml., and the chloride and sodium were determined in 
aliquot portions. The original sample contained 0.22 per cent of chloride 
(e]q>ressed as sodium chloride) and 0.88 per cent of sodium (expressed as 
sodium chloride). From the results in table 6 it is evident that about 
one-half of the occluded sodium and chloride is extracted from the un¬ 
heated product. This has to be attributed mainly to an aging (reerystal- 
liaation) of the barium sulfate during tlm extraction. After heating for 1 
hr. at KXXFC. only 0.03 per cent of chloride was extracted and only 75 
par cent of the total amount of sochum which was present in the original 
predpitate. The reason is that at 1000^. prairticaDy all of the ooduded 
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chloride volatilizes in the form of sodium chloride (see also table 2). AftcT 
heating for 1 hr. at 800°C. only 0.05 per cent of chloride was found to have 
volatiliz(^d (table 2), whereas tlui remaining chloride and sodium (the latter 
partly as chloride and partly as sulfate) was completely extractable 
(table 6). 

MICROPHOTOGRAPHS 

Microphotographs were made of samples of Cb and Cb after heating for 
various periods at different t(‘mperatures. Somci of the results are given 
in figures 4, 5, 6, and 7. TIk' photographs of the sample's which had been 
h('ated to 500°(b show agglomerates containing a great number of primary 
particles. Vigorous mechanical shaking with water or with aqueous solu¬ 
tions of wool violet or sodium citrate* caused complete disintegration of t he 
agglomerates, but on standing the particle's fe)rmed aggregates. After 
he*ating te) temperature's bedow 500°(b the size* of the individual primary 
]iai’tie4e‘s was too small te) alle)w thc*ir mie*re)se*e)pie* measui’eme'iit. The 

TABLE 6 


hJTtracldhilily of chloride and aodiutn after heating for 1 hr. at specified temperatures 
Product, (b, containing 0.22 per ceuit C\~ (as NaC’l) and 0.88 ])cr ct*nt Na"^ (as NaC4) 


TcinjM'raturc of heating, in 


6(K) 

8(X) 

KKK) 

(Chloride extracted in i)er cent (as Na(4) 

0 082 

0 ()s:3 

0 17 

0.03 

Sodium (‘xtraeted in per cent (as Na(M) 

0 46 

0.45 

0 81 

0 60 


growth of the primary partie*le*s and the* ele*velo])ment of the crystals be*- 
came ve*ry pre)nounced at temperature's above 68()°(b Afte*r heating fe)r 
1 hr. at 810°(b the* individual crystals had a size of the orde'r of 10 mien’ous, 
and after he*ating te) 121()°Cb of 40 to 90 micrems. The be*autiful de've'le)))- 
nient of the rhombohedron faees is shown l)y the* phe)te)graj)h in figui-e 7. 

DISCUSSION 

1. The water which was slowly given off* upon he*ating the* imperfect 
samples e)f barium sulfate* at te*mpe*rature*s be*low 400°C\ and more* rapidly 
at higlu'r teimpe'rature*s is not adsorbed water but occluded wate*r (table 1). 
The* he*ated produe;ts te)e)k up wat(*r again when plae^ed at re'lative* wate'i* 
vapor tensions of 0.6 to 1.0, but this water was rapidly lost when the sam¬ 
plers were* plae*ed over concentrated sulfuric acid at roe)m temperature or 
when they we^e heated at 100°C. One might attribute this be*havior te) 
the fae;t that the original samples of the barium sulfate had a porous 
character and that the capillaries in the inside were difficultly wetted after 
the heat treatment. In ordeT to disprove* this assumption the fe)lle)wing 
experiments were made: Products he*ated for 1 hr. at 100°(b and at 480°C., 
respectively, were shaken vigorously for 1 hr. with 25 ml. of 0.001 molar 
barium chloride solution in water, afU*r which the'y were washed in the* 






Pig. 6 . Product Ci after 1 hr. at 1020'C. Magnification = 1000 X 
Fig. 7. Product Ci after 1 hr. at 1210*C. Magnification = 1000 X 
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centrifuge until free from chloride, filtered, and made air-dry. They were 
then subjected to a heat treatment as described in table 1. The product, 
dried at 100®C., gave a loss-in-weight curve comparable to that of the 
original product, except that the losses in weight were less than found with 
the unheated product, as the specific surface had decreased by about 40 
per cent, owing to aging in the barium chloride solution. The product 
which had been heated for 1 hr. at 480®C. did not lose in weight after the 
treatment with barium chloride and reheating to 480°C. for 1 hr. From 
work carried out with more perfect products of barium sulfate it was also 
concluded (2) that the above loss in weight upon heating is due to occluded 
water. From a practical point of view it is of interest to concludes that 
the amount of occluded water in these imperfect and impure products is 
given off quantitatively when the products are heat(id for 1 hr. at tem¬ 
peratures between 500° and 800°C. Upon heating for longer periods of 
time at 800°C., or for short('r !)eriods at higher temperatunvs, oc(!lud(‘d 
sodium chloride is also nunoved by volatilization. 

2. The water taken up by a dry product ov(‘r deliquescent sodium 
bromid(' dihydrate (relative vapor txmsion = 0.57) is reversibly adsorix'd. 
Adsorption equilibrium is attained within 12 hr. From the ix'sults givc'ii 
in tables 1 and 3 it is scxrn that th(» amounts of water adsorbc'd at a rc‘lati>'(' 
water vapor tension of 0.57 arc strictly proi)orti()nal to th(' specific surface'. 
Taking the average of the ratios of thc^ number of milligrams of wate'i* and 
milligrams of wool viokit adsoiix'd we find from the rc'sults in tabk's 1 and 
3 that 1 mg. of water is adsorbed per 2.1 mg. of wool violet. Working wit h 
an entirely different product, Bushey and Kolthoff (2) found 1 mg. of wat c'i* 
adsorbed for 2.0 mg. of wool violet. In a previous pai)er (3) it lias bc'cn 
reported that an adsorption of 1 mg. of wool violet per 1 g. of baiium sulfate' 
eiorrejsponds te) a specific surface of 4.8 X 10’^ barium ions and of 0.95 M.- 
f)er gram and an average particle size of 1.38 microns. Hence the speH'ific 
surface e)f product Ci correjsponds to 49 X 10^^ barium ions e)r 9.7 M.^ pen* 
gram, and to an average particle size of 0.14 mie*re>n. The corre'siionding 
figures of product C 2 are about 2.9 times smaller and the average particle^ 
size 2.9 times greater. 

From the above we find that, at a relative vapor tension of 0.57, 1 mg. 
of water or 3.4 X 10^® molecules of water are adsorbed per 1.01 X 10^® 
barium ions in the surface of barium sulfate. Approximately, then, thr('(' 
molecules of water arc adsorbed per molecuki of barium sulfate in tlu' 
surface, which would correspond to a trimolccular layer of water. 

The thickness of the adsorbed layer seems to depend upon the n'lative 
vapor tension. Thus we found at a relative vapor tension of 0.85 that 
the amount of water taken up was 3.5 times greater than that adsorbed 
at a vapor tension of 0.57. At the higher vapor tension it took several 
days before eciuilibrium was attained, and an aging of highly dispersed 
and imperfect baiium sulfate might occur in that period of time. 
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Upon heating the samples of barium sulfate for 24 hr. at 600®C. the 
specific surface was found to decrease by ten to thirty times (table 3). 
In spite of this pronounced thermal aging the surprising result was found 
that the amount of water taken up at the vapor tension of 0.85 was 100 
times as great as that taken up at the vapor tension of 0.66. This striking 
result is attributed by us to a condensation of water in the capillaries of the 
sintered particles (500®C.) at a vapor tension of 0.85, whereas no such 
condensation occurred at a vapor tension of 0.57. More work should be 
done to substantiate this conclusion. 

Incidentally, it may be mentioned that the specific surface of barium 
sulfate can be calculated from the amount of water adsorbed at a vapor tension 
of 0,57* The product of barium sulfate is dried at 100®C. or at room 
temperature over concentrated sulfuric acid until constant weight is at¬ 
tained and then placed over deliquescent sodium bromide dihydrate until 
constant weight is reached (1 day). One milligram of adsorbed water 
corresponds to a specific surface of 10 X 10^* barium ions, or of 2,0 M.* 
per gram, and an average particle size of 0.66 micron. 

Preliminary experiments have also been made on the adsorption of 
ethanol by barium sulfate. Unheated and heated samples of product Ci 
were placjed over absolute ethanol. The amounts of alcohol taken up 
were unusually large and greatly dependent upon the temperature of the 
room. However, when the samples were placed in a hygrostat over deli¬ 
quescent CaCl2‘3C2H60H the amounts of alcohol adsorbed seemed to be 
proportional to the specific surface and were found to be less than the 
amounts of water adsorbed at a water vapor tension of 0.56. For example, 
under the above conditions, 1 g. of product Ci adsorbed 2.62 mg. of ethanol 
and 4.5 mg. of water per gram. 

3. Thermal aging of the samples of barium sulfate used was found to be 
extremely slow at 300®C. After 24 hr. of heating at this temperature the 
specific surface of the products remained unchanged, but after 80 hr. of 
heating of sample C 2 a slight decrease was noticed. Even at 400®C. no 
change of the specific surface was noticed after 1 hr. of heating, but after 
24 hr. of heating, a distinct decrease was found. At 600®C. the aging was 
already very pronounc^ed after 1 hr, of heating. But after 24 hr. of heating 
at 500®C. the specific surface of product C 2 decreased to one-tenth of its 
original value. Apparently the occluded water has no effect upon the 
speed of aging. After 1 hr. of heating at 500®C. practicaUy all of the 
occluded water had been removed, but a very pronounced decrease of the 
^cific surface occurred upon further heating. 

It is evident from the results in table 6 that the thermal aging, as indi¬ 
cated by the decrease of the specific surface, is accompanied by a decrease 
of the sedimentation volume. 

The various experiments described do not show conclusively exactly 
what is happening during the thermal aging. The microscopic observa- 
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indicate that at tmperatures below 600”C> a cmmting of the 
particles in the aitglomeratas occurs sintering, without being accompa¬ 
nied by a perfection (recrsnstallisatioD) of the mtered primary particles. 
These sintered agglomerates have a loose porous structure. Upon heating 
at temperatures of 700°C. and above, a rapid recrystalUsation occurs and 
the in^vidual crystals grow with increasing tempmture, a final state 
being reached within 1 hr. of heating. There is no conclusive evidence 
to show that the development of the larger crystals is a result of the fact 
that the tiny imperfect particles have a larger vapor tension than the larger 
crystals. We believe that the recrystaliisation of the sintered particles 
to larger, more perfect and compact individual crystals is a result of the 
thermal mobility of the ions in the barium sulfate at higher temperatures. 
The emanation experiments of Hahn and coworkers (1) show conclusively 
that the “loosening temperature” (relaxation temperature) of barium 
sulfate is about 770°C. (1043° Abs.]), corresponding to about one-half of its 
absolute melting point (1853° Abs.) (5). 

The above interpretation is substantiated by the following observations; 
It has been mentioned that the sintered agglomerates formed at 500°C. 
absorb large quantities of water at a relative vapor tension of 0.85, indi¬ 
cating their porous structure. Moreover, it should be mentioned that 
after heating to 600°C. the occluded sodium and chloride could not be 
extracted, whereas the extraction became complete after heating for 1 hr. 
at 800°C. (table 6). At the latter temperature complete recrystaliisation 
had occurred and the foreign material was eliminated from the more 
perfect lattice. The complete volatilization of occluded sodium chloride 
at temperatures higher than 800°C. is no indication of recrystaliisation. 

Finally, we wish to emphasize that the conclusions drawn should not be 
generalized, as it is anticipated that the kind and amount of thermal aging 
will greatly depend upon the phjrsical and chemical purity and the size of 
the particles of the precipitate used. 

SUMHART 

1. Imperfect products of barium sulfate slowly lost occluded water 
when heated to temperatures between 200° and 400°C. When heated for 
1 hr. at 500°C. practically all of the occluded water was removed. 

2. The r^oval of occluded water upon heating at temperatures below 
400°C. was not accompanied by thermal aging. The presence of occluded 
water was shown to have no effect upon the speed of dermal aging. 

3. Barium sulfate, dried either at room temperature over concentrated 
(ulfuric acid or at 100°C., adsorbed water at a relative vapor tenacm of 
0.57. The amount of water adsorbed conresponds to a layer three mole¬ 
cules iMck. Use of this fact can be made in tiie determination of the 
Q)ecific surface of barium sulfate. 
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4. At a relative vapor tension of 0.86 the amount of water taken up 
was about 3.6 times that adsorbed at a vapor tension of 0.66. Upon 
thermal aging of barium sulfate at 600®C. the amount of water taken up at a 
vapor tension of 0.86 became abnormally great. This is attributed to 
condensation of water in the capillaries of the sintered particles. 

6. Occluded sodium chloride was completely removed by volatilization 
at temperatures above 800®C. 

6. Occluded sodium chloride could be completely extracted with water 
after heating the barium sulfate for 1 hr. at 800®C. 

7. Thermal aging, as indicated by a decrease of the specific surface, did 
not occur after heating for 24 hr. at 300®C. or for 1 hr. at 400®C. After 
longer periods of heating at 400°C. a slow decrease of the specific surface 
was found. At 600®C. a marked aging was found after 1 hr. of heating, 
the surface decreasing greatly upon longer periods of heating. This aging 
is attributed to a sintering of the primary particles in the agglomerates 
without being accompanied by internal recrystallization. 

8. The aging became very rapid upon heating at temperatures above 
700®C., a final state being reached after 1 hr. Well-developed individual 
crystals were formed, the size of which increased with increasing tempera¬ 
ture. The development of these crystals is attributed to the combined 
effects of sintering and internal recrystallization (thermal mobility), the 
latter being responsible for the extrusion of foreign materials which do not 
fit into the lattice. 

This work was started with the aid of a grant assigned to one of us by the 
Graduate School of the University of Minnesota in the summer of 1936. 
The experimental study was later continued in the Department of Chem¬ 
istry of The Ohio State University. 
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Although photovoltaic effects at a large number of electrode systems 
have been studied, the silver halide system is of particular interest for the 
light such investigations may shed on the mechanism of photosensitivity. 

Previous work in this field (3, 6, 7) has not succeeded in producing very 
concordant results. The electrodes used were invariably of the silver- 
silver halide type, in which a metallic silver electrode is coated with a 
porous layer of the silver halide. The potential changes at such electrodes, 
upon illumination, have been found to depend largely on the thickness 
and structure of the silver halide coating. Both negative and positive 
changes have been observed, usually the former for the first moment of 
illumination, followed by a change to the latter type with continued 
irradiation. 

It was felt by the present authors that the general lack of agreement 
amongst previous workers was connected with the metallic nature of these 
electrodes. Such silver-silver halide systems act primarily as simple 
metallic silver electrodes, and are therefore susceptible to complicating 
oxidation-reduction effects from the products of reaction. If the potential 
changes at pure silver halide surfaces could be studied in the absence of 
any metal phase, the results obtained might conceivably be less obscure. 

A previous paper (4) has shown that membranes of pure silver halides 
alter their potential with changes in silver-ion or halide-ion activities in 
the surrounding solution. Further, these changes in potential follow the 
well-known Nernst equation over very wide ranges. In other words, 
the surface of a pure silver halide in contact with a solution behaves electro- 
motively like a simple silver electrode towards changes in silver-ion or 
halide-ion activities. Unlike a silver electrode, however, the presence of 
mild oxidizing or reducing substances has no effect on the potentials of 
the halide. 

Later work by the junior author (6) has extended these results to the 
case of silver thiocyanate and thallous iodide as well. 

For the purposes of this brief study, attention was focussed on the case 
of silver bromide, though any of the other salts mentioned might have 
been chosen. 

' Present address: Virginia Chemioal Corporation, Piney River, Virginia. 
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E^ERIMENTAL 

The general method of approach was that of illuminating a membrane- 
type silver bromide electrode and noting the resultant changes in potential. 
The pBr (negative logarithm of bromide-ion activity) of the solution was 
determined by immersing the usual type of silver-silver bromide electrode 
and measuring its potential against a saturated calomel electrode. This 
silver-silver bromide electrode (henceforth written Ag-AgBr) was made 
by anodizing a silver-plated platinum wire in 0.1 iV potassium bromide for 
several minutes at 2 milliamperes; then it was thoroughly washed. These 
Ag-AgBr electrodes did not show such good inter-electrode agreement in 
the dark as do the corresponding Ag-AgCl or Ag-AgI types. Vanselow 
and Sheppard (7) describe similar diflSiculties. However, several electrodes 
were obtained agreeing to 0.001 volt, which is satisfactory for our purposes.® 
From the b.m.f. of the calomel|Ag-AgBr chain, the pBr of the solution 
was calculated, using —0.0711 volt as the normal electrode potential of 
silver bromide. Needless to say, both the calomel and the Ag-AgBr 
electrodes were at all times shielded from direct illumination. 

The membrane-type silver bromide electrodes (henceforth written 
AgBr) were made as previously described (4) by fusing pure silver bromide 
into disk form, then cementing this salt disk with sealing wax to the end 
of a 10-mm. wide glass tube. A solution of 0.01 N potassium bromide 
was poured into the tube, and an inner reference Ag-AgBr electrode dipped 
into this. This unit consisting of disk, tube, and inner electrode is the 
so-called **AgBr’’ electrode. Two such membrane electrodes will not 
necessarily show the same potential in a given solution, owing to strain or 
asymmetry potentials in the salt disk, but they will show very nearly the 
same changes as the pBr of the solution varies. 

The glass tube carrying the salt membrane was made L-shaped to allow 
direct illumination of the disk. It was also coated with sealing wax to 
shield the inner Ag-AgBr electrode from light, although preliminary tests 
showed this type gave only very feeble photopotentials with the intensity 
used. 

The light source was simply a 32-c.p. carbon filament bulb at 20 cm. 
This low intensity was chosen so as to avoid too drastic photode(;omposi- 
tion of the silver bromide disk. A water-filled jar in front of the light 
source acted as a heat filter. 

Potentials were measured with a vacuum-tube voltmeter employing an 
FP 54 Pliotron tube. 

* After this work had been completed excellent papers by E. R. Smith and J. K. 
Taylor (J. Research Natl. Bur. Standards SO, 837 (19385) and by J. K. Taylor and 
E. R. Smith (J. Research Natl. Bur. Standards 88, W (1939)) on the preparation of 
reproducible silver-silver halide electrodes appeared. 
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The pBr of the solutions was varied by starring with pure water and 
gradually adding potassium bromide to give low pBr values, or silver 
nitrate to give high ones. In this way no turbidity due to preciiutated 
silver bromide existed at any time. 

A run, then, consisted of placing the calomel, Ag-AgBr, and AgBr 
electrodes in the solution contained in a Pyrex beaker, working in dim light 
throughout. The e.h.f. of the calomel|Ag-AgBr pair was first measured, 
and the pBr computed from this. The calomeljAgBr couple was measured 
next, and this “dark value” noted. The bulb was then switched on, 
when the calomeljAgBr e.m.f. slowly changed during about 2 min. to a 
new and constant value. The bulb was then switched off, and the new 
“dark value” noted. This became constant after about 1 min. Then the 
pBr was altered by adding either potassium bromide or silver nitrate, and 
the cycle repeated. 

BBBULTS 

It was found that on illmninating the silver bromide membrane elec¬ 
trodes, even with this comparatively feeble source, photovoltaic effects 
of several millivolts were easily detected. 

Writing the electrode chain as 

Ag I AgBr(s), Br~ (0.01 N) | AgBr(membrane) | Br~ (a) | | calomel (satd.) 

we adopt riie convention that the sign of the b.m.f. is positive when posi¬ 
tive current can flow from left to right as written, i.e., when the calomel 
electrode is positive to the silver bromide membrane unit. Hence an 
increase in the positive value of the cell b.m.f. on illumination signifies a 
change to more negative values in the sUver bromide unit. Since the 
inside is shielded, such a change in the unit must be due to a change in the 
potential of the silver bromide surface itself. 

Table 1 presents the data for two runs, using different membrane elec¬ 
trodes. Curves I and II in figure 1 depict these results graphically for 
runs 1 and 2, respectively, in table 1. 

The interesting fact emerges from these data that the photovoltaic effect 
at pure silver bromide is always native in sign, i.e., the potential becomes 
less positive on illumination. This is in contradiction to the results of the 
prior work cited above. 

Furthermore, it is important to note that as the pBr of the solution 
is varied there is a sharp maximum found for the photopotentials. The 
magnitude of the effect falls off at hij^er concentrations of both silver 
and bromide ions. The maximum effect is seen to occur very close to pBr 
6. The solubility product of silver bromide is about 4 X 10~“, so this 
eoi^ponds to the pBr of pure water saturated with the Sidt. In other 
wor^, the maximum photopotential is found near the olvar bromide 
equivalnce point 
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So far as the reproducibility of the E values is concerned, it was found 
that practically the same potential shift was obtained on several successive 
illuminations, showing that the result is not fortuitous. 

As will be seen from table 1, the potential of the silver bromide electrode 
does not return completely to its original value after being illuminated. 
The discrepancy does not seem to depend on the pBr value of the solution. 

The effect of agitation is also worthy of mention. The experiments 
described were run using constant agitation throughout. It was ob¬ 
served, however, that in the absence of stirring the photopotentials ob- 

TABLE 1 


Photovoltaic changes in silver bromide electrodes 
(All E.M.F.’s against saturated calomel) 


IMITIAL 

ILLUlllNATaD 


rXNAL 

a.M.7. 07 
Ag-AgBr 


AgBr NO. 2 
a.MJp. 

1 AgBr NO. 2 
a.Mj. 

aE 

1 AgBr NO. 2 
a.M.r. 

pBr 


Run No. 1 


volto 

voBc 

miUivdU 

volte 

volte 


•fO.0467 

+0.0479 

-2.2 

+0.0463 

+0.0686 

1.80 

-0.0412 

-0.0375 

-3.7 

-0.0400 

-0.0257 

3.40 

-0.1230 

-0.1162 

-6.8 

-0.1226 

-0.1100 

4.81 

-0.1367 

-0.1283 

-7.4 

-0.1360 

-0.1233 

6.03 

-0.1662 

-0.1492 

-6.0 

-0.1540 

-0.1440 

6.39 

-0.2136 

-0.2096 

-4.1 

-0.2129 

-0.2038 

6.41 

-0.3140 

-0.3128 

-1.2 

-0.3134 

-0.3053 

8.13 

Run No. 2: As above but using AgBr No. 4 

-1-0.0776 

+0.0783 

-0,7 

+0.0789 

+0.1033 

1.20 

-1-0.0396 

+0.0431 

-3.6 

+0.0404 

+0.0640 

2.05 

+0.0080 

+0.0121 

-4.1 

+0.0080 

+0.0050 

2.88 

-0.0342 

-0.0289 

-6.3 

-0.0340 

-0.0610 

4.00 

-0.0980 

-0.0902 

-7.8 

-0.0980 

-0.1568 

' 5.59 

-0.1974 

-0.1929 

-4.5 

-0.1956 

-0.1962 

6.26 

-0.2263 

-0.2228 

-2.6 

-0.2240 1 

-0.2282 

6.82 

-0.2760 

-0.2742 

-0.8 

-0.2748 

-0.2750 

7.62 


tained were much latter, and that the recovery time after cutting off 
illumination was much longer. Such behavior would point strongly to the 
presence of a soluble reaction product as a result of illumination. 

To show that the effects were not due to adsorption of light by the 
potassium bromide being added to the solution, a silver bromide electrode 
was sdlowed to come to equilibrium with pure water. Its photopotential 
was —9.9 millivolts. Now the water in the heat filter was replaced by a 
saturated potassium bromide solution. This time the photopotential was 
—10.1 millivolts. Hence the effect of the dissolved salt on the light passed 
throui^ is negligible. 
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It has been said, above, that any chaii^ in potential of the silver bromide 
dectrode unit must be due to a change at the fused salt disk. The ques¬ 
tion of whether only the outer face, or also the inner one, of the trans¬ 
parent membrane is effective has not yet been discussed. If illumination 
^ected the potential of the inner side of the disk, this effect would be 
constant, since the inner side is always in contact with a solution con¬ 
stant' pBr. Further, the result would be to lower the observed photo¬ 
potential, owing to the direction of current in the galvanic chain. How¬ 
ever, it would seem likely that much of the effective light is adsorbed in its 
passage through the 2-mm. disk, and hence effects at the inner face would 



pBr 

Fig. 1. Photopoientials of pure silver bromide membranes 

be very small. Examination of the transmitted light with a hand spectro¬ 
scope showed that practically all the blue and violet were cut off. 

Again, mnce the photopotential is less in concentrated solutions than in 
dilute ones, changing the 0.01 JV internal solution to a concentirated one 
should eliminate tmy effect of the inner face and hence result in larger 
observed photopotentials. Actually, cmly very sli^t increases were 
found on trjring this, indicating that the inner face does not contribute 
much. 

Hence it would seem fairly safe to say tiiat all observed photovoltaic 
4^ect8 of the comporate silver bromide electirode are due maiidy to poten¬ 
tial changes at the outer face of the fused tilver bromhie disk. 
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In another experiment, instead of a fused disk of silver bromide as the 
membrane, a compressed tablet was used. The plasticity of the salt 
enables hard, non-porous tablets to be pressed with ease. The surfaces 
of this tablet were scraped clean, and it was soaked first in nitric acid and 
then bromine water to ensure the absence of all free silver. The electric 
conductivity of the opaque pressed tablet is very much greater than of the 
fused disks. 

When the tablet was mounted as silver bromide electrodes in the usual 
way, it was found that only minute photopotentials could be obtained. 
This does not seem altogether in accordance with the previous statement 
that only the face of the disk is effective. Perhaps a penetration of some 
little distance into the salt is necessary before the light can become effec¬ 
tive. In any event, replacement of the 32-c.p. bulb by a 100-watt tungsten 
type produced very much larger potentials. These results are given in 
cuiwe III of figure 1. 


TABLE 2 


Variations of photopoteniial with pH 
(e.m.f.’s against saturated calomel) 


pH 

IMITIAL 

AgBr MO. 5 

IbLUMlMATBD 

AgBr MO. 5 
B.ii.r. 

AE 

FINAL 

AgBr so. S 

B.M.F. 

B.1I.F. OF 

Ag-AgBr 


voLta 

vdUa 

mtUivolU 

volta 

voUa 

1.95 

-0.2015 

-0.1955 

-6.0 

-0.2010 

-0 1800 

3.22 

-0.2020 

-0.1945 

-7.5 

-0.2017 

-0.1811 

5.69 

-0.2003 

-0.1903 

-10.0 

-0.2003 

-0.1775 

6.86 

-0.1961 

-0.1852 

-10.9 

-0.1950 

-0.1738 

8.10 

-0.1920 

-0,1816 

-10.4 

-0.1912 

-0.1692 

10.55 

-0.1765 

-0.1655 

-11.0 

-0.1755 

-0.1660 


After exposure to this high-intensity source, the yellow tablet was found 
to have taken on a violet tone. 

Finally, a brief study was made of the effect of pH on the photopotentials 
at a definite pBr. The pH was varied by using a composite type of buffer 
and adding sodium hydroxide to it. A run was carried out by allowing the 
silver bromide and silver-silver bromide electrodes to come to equilibrium 
with the buffer, thus saturating it with silver bromide. Then the photo¬ 
potential was measured at each pH. Table 2 indicates a tendency for 
lower photopotentials in acid solutions. 

DISCUSSION 

Previous theories of silver-silver halide photopotentials have variously 
ascribed them to change in solubility of the halide in light (3), to oxida¬ 
tion-reduction action of the solution on the halide under the influence of 
illumination (6), and to photoelectric emission of electrons by the electrodes 
into the solution (2). Vanselow and Sheppard (7) believe the primary 
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effect is the i^littmg of a halogen ion in the solid sUver halide, resuliling 
in a free halogen atom and a free electron. The metallic silver may then 
be charged negatively by the electron, or positively by the halogen. Atha- 
nasiu (1) agrees that the free halogen is liberated, but apparently does not 
consider the resulting electron to reach the free metal of the. electrode. 
Instead, the halogen is supposed to unite with hydroxyl ions in the solution 
to form the hypohalite 

Br + OH~ a= BrOH + electron 

and the electron thus released is what'gives the metal its negative potential. 

The results of the experiments recorded here would make it unnecessary 
to postulate free electrons as potential-determining factors. The most 
probable mechanism for the photovoltaic effect at metal-free silver bromide 
would seem to be mainly a photodecomposition, resulting in the liberation 
of a free bromine atom and an electron. The electron may then react to 
produce silver atoms, or simply take its place in the lattice according to the 
“perforated lattice" theory. In either case, this electron plays no rAle 
in the potential change, since we are dealing with a non-metallic system. 
The free bromine, however, can diffuse into the solution (a fact long recog¬ 
nised in photographic work) and there hydrolyze, giving hypobromite and 
bromide ions. It is these bromide ions that give the salt its negative 
potential, our earlier experiments having demonstrated that bromides make 
silver bromide negative. 

The various effects described in this paper can be accounted for qualita¬ 
tively by the above interpretation. The largest photovoltaic effect is 
observed at a pAg in the neighborhood of the equivalence point, where 
relatively small amounts of bromide formed cause a large change of pAg 
(see ^ecially curve III, figure. 1). The effects of stirring and of the pH 
are also in agreement with the above postulate. However, it should be 
emphasized that the small photovoltaic effects observed in solutions 
containing relatively large amounts of bromide or silver ions can hardly 
be attributed to the bromide formed by photodecomposition of the silver 
bromide. This secondary ^ect has not been furtiier investigated. Pos- 
mbly, it may be partly explained by a decrease in light s^isitivity of the 
diver bromide in excess of dlv^ or bromide ions. 

The fact that podtive photopotentials are never observed is due to the 
absence of free metal which may be oxidized by the bromine or 
hyxmbromite. 

BUMMABT 

Pure silver bromide has bear shown to adiibit a photovoltaic effect even 
in the absence of all free metal This has been explained as due mainly 
to the potential-determining actimr of bromide ions Ubaeated ty li^^t at the 
saJjHRdution interface. 
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4^.11 previously reported photopotentials of silver-silver halide electrodes 
are complex functions of the above effect, plus the oxidizing action of free 
halogen or hypohalite on the metal, and hence almost impossible of exact 
interpretation or control. 
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APPLICATION OF THE HYDROGEN-BRIDGE THEORY TO 
SORPTION FROM SOLUTION BY SILICA GEL^ 

ALBERT L. ELDER and ROBERT A. SPRINGER 
Department of Chemistry, Syracuse University, Syracuse, New York 

Received August 7, 19S9 

In this paper some data are presented on sorption from solution, in¬ 
volving various solvents and solutes with silica gel as a sorbent. From 
the experimental facts an attempt has been made to draw some conclusions 
regarding the theoretical aspects of sorption phenomena. The principle 
of hydrogen bridging will be introduced as an explanation for the ab¬ 
normalities observed in sorption work with silica gel. 

EXPERIMENTAL 

The manipulations necessary to obtain the data were very similar to 
those used by other investigators in the same field. In general, a series of 
acid solutions of varying concentration were made up in one of the organic 
solvents. Fifty cubic centimeters of each solution were introduced into a 
glass-stoppered flask and 6 g. of Patrick's silica gel (10 to 20 mesh) were 
added. The gel was previously washed five hundred times with distilled 
water in a Soxhlet apparatus and activated at 400®C. The flasks were 
then transferred to a shaking machine kept at 20®C. After 48 hr. of shak¬ 
ing, the flasks were allowed to stand in the bath until the gel had settled 

^ This article is based upon a thesis submitted by Robert A. Springer to the Faculty 
of the Graduate School of Syracuse University in partial fulfillment of the require¬ 
ments for the degree of Master of Arts, June, 1939. 
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out. Twenty cubic centimeters of the supernatant liquid were remo^ 
and titrated to phenolphthalein end point with base to determine tihie 
equilibrium concentration. 

DISCUSSION OF RESULTS 

In the accompanying figures the letter C expresses the equilibrium con¬ 
centration of each solution in moles per liter. The letter A represents 
the milliequivalents of solute sorbed per gram of gel. 

Figures 1, 2, and 3 express a comparison of various acids in a certain 
solvent. Figures 4, 5, and 6 represent results obtained by using a single 
acid and various solvents. It is apparent that sorption of the acids dimin¬ 
ishes as the number of carbon atoms in the acid increases, i.e., acetic > 
propionic > crotonic > benzoic > palmitic. Also, sorption of the solute 
decreases with change in solvent: carbon tetrachloride > toluene > 
nitrobenzene > dioxane > water. In most cases the amount sorbed 
from water is so small that a good comparison cannot be shown by graphi¬ 
cal methods. Neither has all the work with dioxane been shown, for sorp¬ 
tion was very poor. An abnormality is observed in the case of crotonic 
acid in carbon tetrachloride and toluene solutions. In greater concentra¬ 
tions it is less sorbed than propionic acid, but this is reversed at low con¬ 
centrations. 

It is very apparent that two questions must be answered to account for 
the sorption of organic acids from solvents. First, using the same solute, 
why is a greater amount sorbed from one solvent than from another? 
Second, why is one organic acid sorbed in a greater amount than another 
from the same solvent? 

On the basis of the gaseous sorption theory, Patrick and Jones (6) ex¬ 
plained sorption from solution. However, many of the results in this paper 
could not be accounted for by their deductions. Mention has also been 
made in the literature by Holmes and McKelvey (1) that sorption is a 
function of polarity. Nevertheless a good correlation between sorption 
and dipole moments cannot be made. Thus there must be something 
more fundamental which has not as yet been mentioned in the literature in 
connection with sorption. 

In 1930 Huggins (2) published an excellent review on hydrogen bridging, 
in which he discussed the work of others and greatly extended the theoreti¬ 
cal aspects of bonding. According to this theory, a proton can form a bond 
between two electronegative atoms. It is, therefore, an application of this 
association phenom^on that we wish to suggest as an explanation of sorp¬ 
tion from solution by silica gel. 

Silica gel, activated so that it contains about 9.0 per cent water, has 
been found to have a maximum sorptivity (4). If almost all of the water 
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Fig. 1. Adsorption of organic acids 
from carbon tetrachloride. 1, acetic 
acid; 2, propionic acid; 3, crotonic acid; 
4, benzoic acid; 5, palmitic acid. 



c 


Fig. 2. Adsorption of organic acids 
from toluene. 1, formic acid; 2, acetic 
acid; 3, propionic acid; 4, crotonic acid; 
5, benzoic acid; 6, palmitic acid. 



Fig. 3. Adsorption of organic acids 
from nitrobenzene. 1, acetic acid; 2, 
propionic acid; 3, crotonic acid; 4, ben¬ 
zoic acid. 



Fig. 5. Adsorption of propionic acid 
from various solvents. 1, carbon tetra¬ 
chloride; 2, toluene; 3, nitrobenzene. 



Fig. 4. Adsorption of acetic acid from 
various solvents. 1, carbon tetrachlo¬ 
ride; 2, toluene; 3^ nitrobenzene; 4, 
dioxane. 



Fig. 6. Adsorption of crotonic acid 
from various solvents. 1, carbon tetra¬ 
chloride; 2f toluene; 3, nitrobenzene. 
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has been driven out, the structure is changed and the gel is of no use as a 
sorbent. For this reason, it has been assumed by investigators (3) that 
one is not dealing with silicic anhydride containing small amounts of water, 
but with silicic acid itself. Substantially, this means that hydroxyl groups 
are present. In a gel containing 9 per cent of water by weight, there is 
approximately one molecule of water for every three molecules of silicon 
dioxide. Assuming that the water adds to the silicon dioxide with forma¬ 
tion of hydroxyl groups, this would permit two hydroxyl groups for every 
three silicon dioxides. Since it is practically certain that the structure of 
the gel contains capillary openings which held the water before activation, 
it follows that many of these hydroxyl groups are necessarily on the surface 
of the capillaries. Yet it cannot be inferred that all the hydroxyl groups 
are on the surface, since there are so many of them; rather, they must be 
distributed throughout the network structure (otherwise, complete dehy¬ 
dration would not alter the structure). 

Thomas (6), in his theory of colloidal systems, suggests that the particles 
are aggregates of molecules held together by covalent Imkages in a regular 
pattern. The coagulation of silicic acid, followed by dehydration, would 
allow the hydroxyl groups to occupy definite positions in the silica-gel 
structure. 

The fact that hydroxyl groups are present makes hydrogen bridging 
possible. The following points indicate that these bridges should be 
fairly stable. Silicon is a fairly metallic element and does not attract 
electrons of other elements very strongly. In silicic acid the electrons 
joining the silicon and oxygen will lie close to the oxygen. This would 
necessarily make the oxygen highly electron^tive: thus it would have a 
strong attraction for protons and should therefore lend itself readily to 
hydrogen-bridge formation. 

From the above discussion, it can be seen that hydrogen bridging is pos¬ 
sible with silica gel. The following mechanism is suggested: A pair of 
electrons from an oxygen in the gel structure is bound to the labile hydro¬ 
gen of the organic acid. In turn a pair of electrons from the oxygen of the 
carboxyl group is associated with the hydrogen in the hydroxyl group of the 
gel. This latter bridge is not as strong as the first one, because the hydro¬ 
gen of the hydroxyl group in the silica gel is so tightly boui|^ to its oxygen. 
Consequently, the bridge from the oxygen of the carboxyl group to the 
hydrogen of the silica gel is very unsjrmmetrical, whereas the bridge from 
the hydrogen of the carboxyl group to the o^Q'^gen of the silica gel should be 
fairly symmetrical. A planar repres^tation of this is: 

.0* • 'H—Ov 
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An attempt must be made to interpret the experimental results on the 
basis of the proposed theory. However, as will be shown in detail later, 
hydrogen bridging alone will not suffice to account quantitatively for all 
of the experimental results. It is necessary to attribute part of the effect 
to molecular size, and also to take into account the relative extent of for¬ 
mation of hydrogen bridges by solvent and solute. 

The association of carboxyl groups with the hydroxyl groups of the 
gel will account qualitatively for the sorption. The quantitative results 
can also be accounted for to a certain extent. The tendency to form hy¬ 
drogen bridges is in the following order: formic > acetic > propionic > 
palmitic. This is also the order of extent of sorption (figure 2). In 
degree of formation of hydrogen bridges, benzoic acid fits into this series 
between formic and acetic acids, but in extent of sorption it lies between 
propionic and palmitic acids. This discrepancy may be explained by 
assuming that molecular size and shape are factors in the sorption. Ben¬ 
zoic acid, being a bulky molecule in contrast to the linear aliphatic acids, 
is more difficultly sorbed. It may also be pointed out that the entire 
series, benzoic acid included, is in the order of molecular size. This factor 
may be even more important in determining the extent of sorption than the 
relative tendency to form hydrogen bridges. This idea receives some sup¬ 
port from the behavior of crotonic acid. At the higher concentrations in 
all solvents, crotonic acid is less sorbed than propionic acid, which fits in 
with the order of molecular size but not with the order of tendency to form 
hydrogen bridges. In respect to formation of bridges, crotonic acid is very 
nearly equal to acetic acid. However, at low concentrations in solvents 
which themselves are only slightly sorbed by silica gel, such as toluene and 
carbon tetrachloride, crotonic acid is more highly sorbed than propionic 
acid (figure 6). It seems reasonable to assume that the relative tendency 
to form hydrogen bridges would be more important at low concentra¬ 
tions, where only the more available surfaces of the gel are involved and 
molecular size is not such an important consideration. This reversal of 
extent of sorption does not occur in nitrobenzene solution (figure 3), 
where crotonic acid is less sorbed than propionic acid at all concentrations. 
This anomalous behavior will be explained in the following paragraph. 

Hydrogen bridging has been offered to account for differences in sorption 
of various organic acids by silica gel from any one solvent. Differences in 
behavior of the same acid in various solvents must now be explained. 
This is obviously an effect of the solvent, and can be accounted for on the 
same basis as the differences in sorption of different acids. For if one sol¬ 
vent is more sorbed by silica gel than another, then obviously an acid dis¬ 
solved in the first solvent will be less sorbed than one dissolved in the 
second, owing to greater saturation of the gel by the first solvent. This 
hypothesis is fully borne out by the experimental results. Sorption for 
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any acid from the following solvents decreatea in the ord^ carbon tetra* 
chloride, toluene, nitrobensene, dioxane, and water (figure 4). This is also 
the order of increasing sorption of the solvent by silica gel, according to the 
hydrogen-bridge theory. Furthermore, the sorption of crotonic acid from 
nitrobenzene bears out Ibe hypothesis of hydrogen bribing.- It has been 
mentioned that in nitrobenzene solution crotonic acid is less sorbed than 
propionic acid at all concentrations, while in carbon tetrachloride and 
toluene the crotonic acid is more sorbed at low concentrations and less at 
high concentrations. The low sorption at low concentrations in nitro¬ 
benzene may be explained by the assumption (which appears quite reason¬ 
able) that sorption of the nitrobenzene itself by the siUca gel produces ex¬ 
actly the same effect as would a higher concentration of the acid. If this 
be so, it is possible that the crotonic acid might be more highly sorbed at 
very low concentrations. This range has not been investigated. 

In a discussion of this paper with Dr. Maurice L. Huggins of the East¬ 
man Kodak Company, it was suggested that there be indicated more 
specifically the competition effects produced in the system, i.e., bridging 
between solute molecules, between solvent molecules, and a competition of 
solute molecules for solvent molecules. The structure of the gel presents 
the possibility of a partial bridging between its hydroxyl groups. When 
a solution is put in contact with the gel, in addition to the bridging effects 
produced in the solution and within the gel itself, there is a gel-solvent 
and gel-solute competition set up. It is evident then that the amount 
sorbed by the gel is dependent on the equilibrium set up between these 
different bridging effects. This in turn depends on the strength of the 
different bridge formations. It is evident also that the breaking of the 
bridges in the gel, permitting other bridge formations, is of some conse¬ 
quence. 


SUMMARY 

1. Data have been presented on the sorption of formic, acetic, propionic, 
crotonic, benzoic, and palmitic acids from solutitms in carbon tetrachloride, 
toluene, nitrobenzene, dioxane, and water by use of silica gel. 

2. An hypothesis has been advaneed to account for the results obtained, 
based on the formation of hydrogen bridges. 

3. A semi-quantitative explanation of the results depends on at least 
three factors: (o) the relative extent of hydrogen bridging by the diffa^nt 
acids; (b) the size and shape of the acid molecules; and (c) the relative ex¬ 
tent of formation of hydrogen bridges by sdute, aoWmt, and gel. 

4. The presence of an unsaturated linkage in an aliphatic acid gives rise 
to certain abnormalities in the sorption, which afford further proof of the 
correctness of the hydrogen-bridge hypothesis. 
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COMMUNICATION TO THE EDITOR 
PHOTOCHEMICAL REDUCTTON OF FERRIC IRON BY OXALIC ACID 

The paper on "The Photochemical Oxidation of Oxalic Acid Sensitized 
by Ferric Ion,” published by R. Livingston (J. Phys Chem. 44, 601 
(1940)), contains a statement which I should like to support by additional 
evidence. The results on the photochemical reduction of ferric ion by 
oxalic acid, as published in 1928 by E. Mencke and myself (Z. Elektro- 
chem. 34, 598 (1928)) must be discarded. In December, 1936, 1 repeated 
this investigation with Dr. H. Hoch in Vienna. We found the permanga¬ 
nate titration not reliable enough and adopted the titration with tita.nium 
trichloride, used by Ailmand and Young (J. Chem. Soc. 1931, 3079). Our 
experiments showed (I) that the velocity of the reaction was approximately 
proportional to the first power of the light intensity, which result was in 
agreement with the findings of Ailmand and Young but contrary to those 
of Komfeld and Mencke, who stated a dependence on the square root of the 
light intensity, and (£) that the reaction proceeded until the end, regard¬ 
less of the presence of ferrous ions. This result also agreed with the find¬ 
ings of Ailmand and Young and disagreed with those of Komfeld and 
Mencke. For external reasons the investigation was not completed, and 
publication of the results was postponed. Since I have not been able 
to resume the investigation I should like to clarify the issue now, in con¬ 
nection with Dr. Livingston’s paper. 

Gertrud Kornpbld. 

Research Laboratories, 

Eastman Kodak Company, 

Rochester, New York. 
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A Dictionary of MetaU and their Alkye. Finit edition. By F. Camm. 245 pp. 

New York: The Chemical Publiahixig Companyi Ino.i 1930. Price; 93.00. 

The authofi apparently not a metailurgiati has had considerable experience io 
writing books in engineering, mechanics, wireless, etc., from the practical side. His 
Dietionary of MeiaU is written for the layman, in alphabetical fashion, but it should 
not be classed as an unabridged edition, because the book is very brief and of service 
only to the practical man for whom it is written. Many of the definitions are short, 
elementary, and wrong from the metallurgical standpoint. The list of alloys for 
different classes of metals is not too extensive, but should serve a useful purpose for 
shop men.*^ 

The author also has short treatises on plating, polishing, hardening and tempering, 
coloring, metal spraying, and rust-proofing, and includes tables on physical proper¬ 
ties of materials which can be found elsewhere. If one is interested in a more com¬ 
plete list of alloys, your abstractor refers you to Engineering Alloys by Woldman and 
Dornblatt (American Society for Metids, Cleveland, Ohio, 1936, 622 pp.; price, 
910.00). If Mr. Camm’s book is a dictionary, Engineering Alloys is an encyclopedia. 

Ralph L. Dowdbll. 

Theoretical and Applied EUctrochemistry. Third edition. By Mauricb db Kat 

Thompson, xxi + 536 pp.; 235 fig. New York: The Macmillan Company. Price: 

95.00. 

The format of the third edition of this text follows that adopted in the second 
edition, devoting one hundred and eighty some pages to 'Theoretical Electrochem¬ 
istry,’' one hundred and ninety-two pages to "Applied Electrochemistry of Aqueous 
Solutions," and ninety-nine pages to "Electric Furnaces and their Products." 
Twenty-one pages are devoted to the solution of problems. From the foregoing 
statement it is obvious that an adequate treatment of the principal topics necessi¬ 
tates masterly condensation to keep within the space allotted. Hasty perusal of the 
volume invites the opinion that it is characterised by overcondensation. Such 
judgment is quite unjustified when one becomes aware of the comprehensive number 
of original references included and the bibliography and problems at the end of each 
of the twenty-one separate chapters. One should also realise that the use of the book 
as a text presumes that the student has completed a thorough course in physical 
chemistry, and that the theoretical section aims to serve as a review, placing em¬ 
phasis upon the theory underlying the applications discussed in the succeeding 
sections. 

The author has obviously received abundant codperation from industry. This is 
evidenced in the large number of facts included which have been privately commu¬ 
nicated and in the generous number of hitherto unpublished illustrations and original 
line drawings which could not have been provided otherwise. The volume is in¬ 
tended for use as a text and not a reference work, and on that basis the omission of 
topics such as electronics, electrostatic and magnetic separation, photoelectric 
phenomena, and polarographic analysis may be justified. In the preface to the 
original edition the statement is made:-~"It is believed that, by collecting in a 
single volume the material that would be comprised in a course aiming to give an 
account of the most important electrochemical industries, as well as the principal 
applications of electrochemistry in the laboratory, it will be possible to teach the 
subject much more satisfactorily," Br. Thompson deserves distinct commendation 
for bis success in attaining an objective lirfaieh the writer recognises as a most difiSt- 
eult task. 


HtAAM S* LmMs. 
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Chemical Compuiatione and Errors, By Thoma. 8 B. CBtnuPLBB and John H. Yob. 

247 pp. New York: John Wiley and Sons, Inc., 1940. Price: $3.00. 

At the present time many students of chemistry are graduated without adequate 
training in or appreciation of the thoroughly practical nature of the theory of meas¬ 
urements and errors. It is to be hoped that the present volume will stimulate in¬ 
terest in these subjects as well as serve as a useful text and elementary reference 
book. 

The first eighty pages of this book are devoted to a detailed discussion of certain 
selected computational and algebraical methods which are of particular interest to 
students of physics and chemistry. The theories of measurements and errors, and 
their practical applications, are discussed in the next one hundred twenty pages. 
This section includes an elementary introduction to the mathematics of probability, 
as well as a careful analysis of some of the sources of the persistent (i.e., corrigible) 
errors which occur in the more common physicochemical measurements. The last 
chapter, twenty-four pages long, contains an account of some of the simpler methods 
of "curve fitting." The several chapters are followed by a number of interesting 
and practical problems, the numerical solutions of which are given in the appendix. 

This book appears to be intended for the undergraduate student and is written so 
simply and in such detail that few students should experience any difficulty in using 
it for independent study. Although the treatment is straightforward and simple 
throughout, the authors have employed a rather scholarly style, somewhat uncom¬ 
mon in present-day texts. While it is primarily designed for undergraduates, this 
book contains some sections which should prove of value to many graduates as well 
as to a few more mature students of chemistry. 

The book is attractively printed and appears to be unusually free from errors. 
Although it is of no importance in the context, it may be worth while to point out 
that 6,06 X 10** (as given on page 2) is not at present "the accepted value" of Avo- 
gadro’s number. 

Robbbt Livingston. 

Chemistry and Medicine, Maxtbicb B. Visschbb, Editor, v + 296 pp.; 77 illustra¬ 
tions and graphs; 20 tables. Minneapolis: The University of Minnesota Press, 

1940. Price: $4.60. 

In this book are collected the revised and edited papers presented (October 12^ 13, 
and 14, 1939) as the scientific program of the celebration of the Fiftieth Anniversary 
of the founding of the Medical School of the University of Minnesota. The scope 
of the topics discussed and the authority with which they are presented is demon¬ 
strated by the list of subjects and authors, vizi "Some Aspects of the Colloid Chem¬ 
istry of Membranes," by Herbert Freundlich; "The Performance of Osmotic Work 
in Living Systems," by Maurice B, Visscher; "Some Reactions by Which Solutes 
May Be Differentially Concentrated by the Kidney," by John P. Peters; "Organic 
Chemistry in the Pursuit of Vitamin Research," by Lee Irvin Smith; "On the Neces¬ 
sity of Fats in the Diet," by George O. Burr; "Heparin and Thrombosis," by Charles 
H. Best; "Recent Chemical Trends in the Study of Immunity," by Michael Heidel- 
berger; "The Biology of Animal Viruses," by Robert G. Green; "The Mode of Action 
of Sulfanilamide and its Derivatives," by Perrin H. Long; "Chemistry in Urinary 
Antisepsis," by Henry F. Helmhols; "The Physicochemical Approach to the Mecha¬ 
nisms of Convulsive Reactivity," by Irvine McQuarrie; "Methods of Analysis of 
Nervous Action," by Herbert S. Gasser; "The Nervous Regulation of Visceral 
Process," by Detlev W. Bronk; "The Argument for Chemical Mediation of Nerve 
Impulses," by Walter B. Cannon. 

In ail instances a sufficiently comprehensive review is presented to develop ade¬ 
quately the background for the description of the investigations reported by each 
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au<^or. In some oases^ partieularly with rega^ti to the papers having referenee to 
bacteriology, chemotherapy, and nerve physiology the papers are actually concise, 
complete, and well-organised reviews whose scope and content are welt described by 
their titles. Each paper is supplemented by a list of references. The emphasis as 
to the work described naturally lies on that done in the laboratory of each author 
and upon the investigations contributory to that work. The result is that in no 
other book is it possible to find such a synthesis of the work and of the interpretations 
thereof of so many authorities. 

The boolc is easily readable, even though there has been no sacrifice of exactness 
of description in an attempt at a popular style. This book Chould be read by all 
who have any interest in the modern applications of chemistry to biological processes. 

W. D. Armstuong. 

Introduction to Beaael Functions, By F. Bowman. 22 X 14 cm.; 134 pp. London: 

Longmans, Green and Company, 1938. Price: 10s. 6d. net. 

Mr. Bowman’s small book has a value out of all proportion to its size, and will 
be welcomed by all students of physical science who desire to obtain rapidly an 
understanding of the more elementary properties of these functions. The author 
starts from the definition of a Bessel function of zero order in terms of a power series, 
and proceeds to a consideration of modified Bessel functions, definite integrals, 
asymptotic expansions, and Bessel functions of any real order. 

There are a number of well-selected applications of physical interest, and each 
chapter is accompanied by a set of exercises of various grades of difficulty. 

Allan Ferguson. 

The Nature of the Chemical Bond, Second edition, revised. By Linus Pauling. 

4.5 X 7 in.; xvi 4- 450 pp. Ithaca, New York: Cornell University Press, 1940. 

Price: $4.50. 

In this second, revised, edition only relatively minor changes have been made 
from the text of the first edition, which was reviewed in this Journal recently (J. 
Phys. Chem. 44, 827 (1940)). New material has been inserted in several places, in¬ 
creasing the total length by twenty pages. Particularly interesting are the increased 
discussion (pp. 217-21) of conjugated systems, and the new section on free and re¬ 
stricted rotation about single bonds (pp. 90-2). 

Robert S. Mullikbn. 

The Ultracentrifuge, By The Svedberg ani> Kai O. Pedersen. In oodperation 

with J. H. Bauer and E. G. Pickels; G. Boestad; E. 0. Kraemer and J. B. Nichols; 

0. Lamm; A. S. McFarlane; R. Signer. 478 pp. Oxford: The Clarendon Press, 

1940. Price: $12.50. 

All who are interested in biochemistry or, quite generally, in biology will welcome 
this extensive monograph on the ultracentrifuge and will find it most useful. The 
book is not confined to ultracentrifuges of the Svedberg type, but also contains a 
chapter (by J. H. Bauer and E. G. Pickels) giving a detailed description of the con¬ 
struction and operation of air-driven ultracentrifuges as developed by J. W. Beams, 
J. H. Bauer, and others. 

The four major parts of the monograph are: 1. Theory of Sedimentation. 11. 
Construction and Operation of Ultraoentrifuges. Ill. Methods of Measurement. 
IV. Results Obtained with Svedberg Ultraoaitrifuges. The last part contains two 
chapters,—one on proteins, the other on> organic colloids (with the exception of 
Irroteins). A complete bibliography should be mentioned here too. 

The most remarkable results so far obtiuned by Svedberg with the ultraeentrifuge 
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are that protein solutions are in many cases monodisperse and that the macromole* 
cules of proteins are distributed among a limited number of classes according to their 
molecular weights, correlated with one another by fairly simple numerical propor¬ 
tions. There is an imposing amount of experimental work in favor of these asser¬ 
tions. There is also a series of experiments proving that particles of the same size 
as found in isolated proteins are present in the sera from which they were prepared. 
The results gained so far do not seem to allow any conclusions as to the state of pro¬ 
teins in living protoplasm. 

The strong tendency of proteins to form macromolecules of well-defined molecular 
weight, in which they appear to differ from other large elementary particles of 
biologically important substances such as cellulose, chi tin, rubber, etc., is drawing 
general attention, owing to its importance, in attempts to explain the chemical 
structure of proteins. This problem is discussed but briefly in this book, and the 
author of the chapter in question (K. O. Pedersen) is apparently rather sceptical 
concerning all hypotheses brought forward so far, both as to the cofteption of long 
chains (M. Bergmann, Astbury, and others) and as to the cyclic pattern (D. Wrinch). 

H. Frbundlich. 

Electrocapillarity. By J. A. V. Bxttlbr. 5 x 8 in.; viii + 208 pp.; 66 diagrams; 

1 plate. New York: The Chemical Publishing Company, Inc., 1940. Price: $5.00. 

This book is remarkable, owing particularly to the su^ect matter which it covers. 
The author uses the word ‘^electrocapillarity^* in a wider sense than is generally done. 
The term is mostly reserved for our knowledge of the electrocapillary curves of liquid 
metals; one also finds it extended to include electrokinetic phenomena. Besides 
these subjects the author treats those parts of electrochemistry which deal with 
electrode processes as such, not with their usefulness in explaining the properties 
of electrolytes in solution. 

Hence the first three chapters are concerned with the seat of electromotive force 
and with the thermodynamics and the mechanism of electrode potentials. Chapters 
IV and V treat the electrical double layer, electrocapillary curves, and electrokinetic 
phenomena. The last three chapters have to do with electrode reactions and over¬ 
voltage, concentration polarization and the deposition of metals, and some special 
electrode processes, passivity, etc. 

The author is interested mainly in the recent development of his subject. He 
therefore takes full account of the investigations of Frumkin and his collaborators, 
of the conception of hydrated ions, as developed especially by Gurney, and of the 
experimental results of Tiselius, Abramson, Moyer, and others in cataphoresis, as 
well as his own work in this field. The advantage of closely connecting phenomena 
such as the Nernst potential with electrokinetics becomes very conspicuous when 
reading this book; an even more impressive success will be achieved as soon as we 
possess more quantitative results concerning that factor which is the link in the 
whole range of these phenomena,—namely, the electrical double layer. 

H. Frbundlich. 

Physicochemical Methods, By Joseph Reilly and William N orman Rae. Volume 

I, 686 pp.; Volume II, 580 pp. New York: D. Van Nostrand Company, 1940. 

Price: $17.60. 

The third edition of this well-known handbook is published in two volumes, total¬ 
ing 1366 pages, at a price of $17.50, in contrast to the 822-page volume of the second 
edition which sold for $8.00. While this book undoubtedly remains the most useful 
work on the subject, the new edition scarcely satisfies the expectations raised by its 
increase in length and price. 
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The treatment of the several subieots varies ipreatly^ not only in emphams and 
detail, but in manner of presentation. For example, some subjeets, such as **Ther^ 
mionio Vacuum Tubes,” are represented by clear and adequate outlines of their gen* 
ersl principles and applications. In otl^r cases, as the section on '^Molecular 
Weights,” there is a good detailed description of the more important experimental 
methods. A few chapters, the one on ”Beaction Rates” being a particularly bad 
example, consist of very elementary theoretical discussions followed by the direc¬ 
tions for a few experiments of the type commonly found in the older laboratory 
manuals of physical chemistry. Some topics which are of theoretical and practical 
interest have been omitted entirely. Amongst these we might mention propagation 
of flames, gaseous explosions, diffusion, and the rates of dissolution, evaporation, and 
crystallisation. Photochemistry, fluorescence, phosphorescence, and chemilumines¬ 
cence receive scant mention in the section on the “Photoelectric Effect.” 

Perhaps the greatest single improvement is the introduction in the edition of an 
extensive clasl^ed bibliography of specialised works on physicochemical methods. 
On the other hand, it is to be regretted that the excellent index of the second edition 
has been replaced by one so brief that it is practically useless. 

The new edition shows a decided trend toward subjects of practical interest. It 
includes sections on such chemical engineering topics as “Plant Design and Press 
Filtration,” but devotes relatively less space than formerly to the refined methods 
of specialised research. Several of the new chapters have been written by specialists 
in the subjects concerned. 

In contrast to these practical subjects, the authors have introduced a rather 
abstract discussion under the general title “Measurement and Units.” This chap¬ 
ter, 53 pages long, was written by Professor O’Rahilly. Without questioning the 
correctness or utility of Professor O’Rahilly’s concepts and terminology (the re¬ 
viewer lacks courage to cross cudgels with one who boasts (p. 92) that he has exploded 
the dimensions of the electrical text books with one swoop), it appears that this 
chapter is entirely out of place in a book which is devoted to the practical methods of 
physical chemistry. 

The book is clearly printed and well bound. It appears to have been carefully 
edited. While the illustrations are adequate, the draughtsmanship of some of them 
could be improved. 

Robbbt Livingston. 

A New Dictionary of Chemietry. Edited by Stbphen Mi all. 22 x 16 cm.; xv 4“ 676 

pp. London, New York, and Toronto: Longmans, Green and Company, 1940. 

Price: 42 shillings net. 

This dictionary covers all branches of chemistry, including inorganic, organic, 
physical, pharmaceutical, and industrial, and also contains biographies of leading 
chemists. A table at the end gives the physical properties of about eighteen hundred 
organic compounds. The information in the inorganic and organic sections is sur¬ 
prisingly complete and up to date, and although the sections on physical chemistry 
are very brief they give much useful information to non-specialists. The book is 
one which is likely to prove very useful in libraries and to those wishing to obtain 
information rapidly, and it may be recommended with confidence. 

J. R. Fabtxnoton, 

Molecular Spectra and Molecule Structure, I, Diatomic Mokeulee, By Obbbaed 

Hebsberg. In the recent review of this book (This Journal 44 , 682 (1940)), it 

was not stated that the translation into English was made by Dr. J. W* T. 

Spinks of the University of Saskatohewan. 
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INTRODUCTION 

It is ordinarily assumed (44) that diffusion through solids may take 
place by three different mechanisms, which may be termed solid solution, 
lift, and grain boundary diffusion, respectively. From another point of 
view all solid diffusion may be spoken of as (a) interface or (6) volume 
diffusion. Interface diffusion may occur (1) along the rifts ordinarily 
arising from mechanical working, (^) at the interface between the grain 
and the surrounding cementing material, and (S) at the surface of the 
crystal. Volume diffusion may be either through the grains or through 
the cementing material at the grain boimdary. Since ordinarily only one 
molecule in 10® is located on a surface, the corresponding diffusion coeffi¬ 
cients will appear anomalous by such a factor if one makes the mistake of 
calculating them as for volume diffusion, i.e., there will be a large negative 
apparent entropy of activation. On the other hand, if one calculates 
this interface diffusion on the basis of surface atoms only, then the only 
term which will in general differ from the D for volume diffusion will be 
the heat of activation, which will be smaller. Thus an inspection of an 
observed diffusion coefficient will sometimes suffice to distinguish between 
volume and surface diffusion. 

Whatever the specific mechanism of solid diffusion, the rate can be 
expressed by the formulation 

D « ( 1 ) 

where D is the diffusion coefficient, 4 is a term which varies only slightly 
with temperature, and Q is the heat of activation of the diffusion process. 

A general equation has been developed on statistical grounds (17), 
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which apphee to any rate process in which the slow step involves sur¬ 
mounting a potential barrier. It has the form 


k' 


h % 


•» 

e *»• 


( 2 ) 


where k' is the specific rate constant, T is the temperature, k and h are the 
Boltzmann and the Planck constants, respectively, and Eo is the activation 
energy at absolute zero. 7^ and tF„ are the partition functions for the 
activated state and the initial state, respectively. In equation 2 as 
written we have taken the transmission coefficient as unity. 

The activated complex may always be considered essentially as a 
molecular species, and thus the rate constant can be pictured as an equi¬ 
librium constant between activated complex and reactants at tmit activity 
multiplied by the universal frequency kT/h. This permits formulation of 
the reaction rate in thermodjmamic terms (71) in the form 


k’ = 




g~ RT 


(3) 


where AF*, AS*, and AH^ are, respectively, the standard free energsr* 
entropy, and heat increases when the activated complex is formed from 
the reactants. AH* can be obtained from the temperature coefficient of k' 
by the relation 

AH* = HT* - RT (4) 


Applied specifically to the rate process diffusion, it has been shown (18) 
that the diffusion constant is related to an activated rate process by the 
equation 

D = (6) 

where X is the distance travelled in a single jump. Substituting equa¬ 
tions 2 and 3 into 5 we obtain 


,,krSF* 


D = S’- 

* % 

IT 

rl 


X*Se 




( 6 ) 

(7) 


In the derivation (17) of equation 2 the partition function for that 
d^ree of freedom along the reaction codrdinate was included in the fre¬ 
quency term, kT/h. Thus the partition function, %, for the normal 
state contains a term for the reaction codrdinate not appearing in 7*. 
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If we neglect the changes in all the terms of the partition function on 
activation except those in the reaction coordinate, we may write 

z> = ^ (l - e"**-) e"^ (8) 

where (l — c *'’) is the partition function, and v the frequency of the 
normal state for that degree of freedom along the reaction coordinate. 
In the limit, when v is extremely large, equation 8 reduces to 

«kT -£sl 

Z) = X* ^ c (9) 

h 

In the range where v is small enough so that hv kT and we can expand 
the exponential term retaining only the first power of the exponent, we 
obtain 

D = (10) 

If we treat the motion along the reaction coordinate as a translation and 
use classical mechanics in a manner previously adopted for liquids (16), 
we would have 



where 

is the corresponding partition function for the normal state. Here n is 
the reduced mass of the two passing molecules and F/ is the free volume 


(20). 

This leads to the equation 




(12) 

which 

is of the form 



So 



D = 

(13) 


It is seen that the various forms of the diffusion equation obtainable 
from absolute reaction rate theory cover the important equations which 
have from time to time been proposed. Thus Richardson's well-known 
equation (49) 
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m 


is the fom of equatUm 13; the J>ushnuai-Lfaigmair (13) equatkm 


D « 




q 

BT 


is of the form of equation 10, as is also that of van Liempt (35). In most 
work the attention has been largely confined to the factors entering the 
term A in equation 1, but Braune (6), on the basis of Lindemann’s theoiy 
of melting, related the activation energy with the absolute melting point 
of the solvent metal, and derived the expression 

_ ****’<» 

D = 4e 


where Tm is the melting point and b is a constant said to lie between 1 and 2 
for different metals. For low-melting metals the data show b to be almost 
invariably greater than 2, and may approach 3 so that, since b enters as a 
squared multiplying factor in the exponent, a variation of 2 to 3 would 
mean a difference of over 100 times in the diffusion coefficient at the 
melting point of the metal, or a difference of 2 X 10^ times at half that 
temperature. 


n. DIFFUSION OF METALS THBOUOH METALS 

We investigate the applicability of equation 8 to the behavior of metals 
as given by diffusion data. For X we take {V/Ny*, where V is the 
gram-atomic volume and N is Avogadro’s number. We estimate v by 
taking the average frequency, which is three-fourths of the Debye limiting 
frequency. We then obtain 

ii\ *£ 

- j ^ U - (14) 

where 0 is the Debye characteristic temperature. Using the properties 
of the solvent metal for systems for which data are available, we find that 
the value of the A term in equation 14 ranges from 0.0013 to 0.0042. From 
the diffusion data themselves, however, we find that the A term in equa¬ 
tion 1 ranges fibm 10~' to unity for bimetallic diffusion in most cases, and 
may reach higher values, up to 11, in the case of self-diffusion. In fact, 
in a particular unique case to be noted later, A is of the order of lO*'. 
Any method of choosing some average value for T or 9 for bimetallic sys¬ 
tems, in place of using the values characteristic of the solvent metal, will 
not affect the calculated range of tiie A term by more than a factor of 2 
to 3, so that the explanation of the large discrepancies between A values 
calculated from equation 14 and those obtained from diffusion data must 
be sought elsewhere. No account is taken in the A term as just es¬ 
timated of the effect of the process on the entropy of the crystal atmns 
other than those two which are passing each other. However, a satis- 
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factoiy representation of the mechanism of diffusion can be obtained from 
equation 7. 

We shall first consider the quantity AF^ The diffusion process may 
be pictured as (1) the passing by each other of two atoms, with the neigh¬ 
boring atoms suitably accommodating themselves to this event, or (2) the 
diffusion of an individual atom into empty lattice positions. The latter 
process may equally well be visualized as the diffusion of the hole. 

To form a hole the size of a molecule (50, 18) requires an energy equal 
to the energy of sublimation aside from polarization forces. Thus we 
would expect activation energies approximately equal to this energy if 
mechanism 2 were responsible for diffusion. As will be seen later, the 
observed activation energies are in general enough smaller to render mecha¬ 
nism 2 highly improbable. Mechanism 1 proceeds by some combination 
of the deformations of types I and III proposed in the interesting paper of 
Wagner and Schottky (69), whereas our mechanism 2 must proceed by 
deformations of their type II. 

To permit the passing by each other of two atoms by mechanism 1, 
the lattice must be slightly deformed, and a hole, or extra space, made 
available. Clearly the amount of this work of activation is the product 
of a volume factor largely determined by the dimensions of the passing 
atoms, and a second factor dependent on the resistance to compression of 
these atoms and their neighbors. The thermodynamic equation for calcu¬ 
lating the free energy is 

^F^f^dV (15) 

The choice of 0, the compressibility, and of the limit of integration will be 
determined by the model. In table 1, where most of the available data 
are collected, and upon which much of t|?e discussion in this section of the 
paper is based, we have introduced the quantity «, defined as follows. 


a = 




(16) 


where, in calculating AF in equation 16 we take the limit V equal to the 
arithmetic mean of the volumes of the two molecules passing each other, 
and 0 is taken as one-half the arithmetic mean of the 0’b of the two mole¬ 
cules passing each other plus one-half the compressibility of the neigh¬ 
boring molecules. This choice of 0 assumes that the compression is 
laii^ely limited to the lattice immediately surrounding the passing pair of 
atoms and to the pair itself. Strictly speaking, we should know the values 
of |3 at the temperatures of the diffusion experiments, but in the present 
state of knowledge it was not considered advisable to attempt extrapola¬ 
tion to temperatures so far from those where direct experimental values 
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TABLE 1 


MSTAL 

T 

Agftlod. 
»QVA- 
TtON 14 

AutBMd. 


Bmot, 

n 


a 

BSFXBSirClS 

Solvent metal, Ag; AEnh.i 68 kg-cal.; A<8idMi < 

[equations 14, 7), — 

5.8 




90er^ 




hg-^dL 



Pd. 

1000 

0.002 

6.4 X 10“‘ 

-15.6 

20.2 

3.36 

35.5 

7.5 

(29) 

Sn. 

4000 

0.002 

7.9 X lO-* 

-10.5 

21.4 

3.18 

31.8 

8.5 

(68) 

Sb. 

1000 

0.002 

5.3 X 10-* 

-11.3 

21.7 

3.13 

32.8 

7.5 

(68) 

Cd. 

1000 

0.002 

4.9 X 10-« 

-11.4 

22.4 

3.04 

33.7 

6.7 

(68) 

In. 

1000 

0.002 

7.3 X 10-'^ 

-10.6 

24.4 

2.79 

34.9 

6.5 

(68) 

Cu. 

1000 

0.002 

5.9 X lO"* 

-11.1 

24.8 

2.74 

35.7 

6.5 

(58) 

Au. 

1000 

0.002 

4. X 10“* 

-10.7 

26.6 

2.56 

33.7 

8.5 

(29,28,6) 


Solvent metal, Pb; AE«,b.> 46 kg-cal.; — 6.3 


Au. 

Ag. 

Cd. 

Bi ... . 

Hg. 

/3-Tl. 

Sn. 

Pb. 

558 

558 

558 

558 

460 

558 

558 

558 

0.0013 

0.0013 

0.0013 

0.0013 

0.0013 

0.0013 

0.0013 

0.0013 

0.97 

0.083 

0.0046 

0.0085 

0.41 

0.054 

0.42 

6.6 

6.8 

1.9 

-3.8 

-2.6 

5.5 

1.1 

5.1 

10.6 

14. 

15.2 

15.4 

18.6 

19.0 

21.0 

24.0 

28.0 

3.29 

3.03 

3.00 

2.47 

2.42 

2.19 

1.92 

1.64 

9.14 

13.04 

16.44 

18.96 

15.57 

19.31 

20.04 

20.99 

20.4 

13.5 
10.2 
10.3 

9.7 

9.8 
9.5 
9.3 

(66, 54) 
(56) 

(56, 55) 
(56) 

(55) 

(56) 

(56) 

(56) 

Solvent metal, Cd; AEg^h, 26.5 kg-cal.; ~4.8 

H* . 1 

450 

0.0018 

2.6 

9.6 

19.6 

1.35 

14.38 

8.9 

(66) 

Solvent metal, Ni; AEmth.^ 96.7 kg-cal.; A/Sfd^, —4.8 

Cu. 

1000 

0.0026 

0.0010 

-6.7 j 

35.5 

2.72 

40.2 

7.1 

(40) 


Solvent metal, Au; AEmb., 89.4 kg-cal.; —6.2 


Cu. 

1000 

0.0017 

0.0011 

i 

‘ -7.1 

27.4 

3.23 

33.77 

10.7 

(29) 

Pd. 

1000 

0.0017 

0.0011 


-7.1 

37.4 

2.39 

42.48 

10.2 

(29) 

Pt. 

1000 

0.0017 

0.0012 

-6.9 

39. 

2.29; 

43.86 

10.7 

(29) 

Au. 

1100 

0.0017 

7.1 



10.2 

51. 

1.75 

46.43 

10.0 

(29) 


Solvent metal, 

Cu; AE«,b., 80.6 kg-cal.; —6. 

1 


Zn . 

1000 

0.0023 

3. 

X 

10-* 

-18.3 

19.7 

4.09 

36.04 1 

5.8 

(41) 

Pd. 

1000 

0.0023 

1.6 

X 

ir« 

-19.5 

21.9 

3.68 

39.49 ! 

7.1 

(41) 

Pd*. 

1000 

0.0023 

1.8 

X 

10“» 

-14.7 

27.4 

2.94 

40.19 i 

7.0 

(41) 

Au. 

1000 

0.0023 

6.8 

X 

10“® 

-16.7 

22.5 i 

3.58 

37.22 

8.2 

(41) 

Pt. 

1000 

0.0023 

1.0 

X 

10“« 

-20.5 

21.9 

3.67 

40.42 

7.5 

(41) 

Mn. 

1000 

0.0023 

7.1 

X 

10“« 

-16.6 

23.2 1 

3.47 

37.83 

6.3 

(41) 

Ni. 

1000 

0.0023 

6.6 

X 

io-» 

-12.2 

29.8 

2.70 

40.04 

6.1 

(41) 

Sn. 

1000 

0.0023 

4.1 

X 

io-» 

-4.0 

31.2 

2.58 

33.21 

8.4 

(41) 

Sn*. 

1000 

0.0023 

2.5 

X 

10-1 

4.2 

39,9 

2.02 

33.76 

8.3 

(41) 

Al. 

1000 

0.0023 

7.1 

X 

io-» 

1.7 

39.1 

2.06 

35.45 

7.3 

(41) 

Cu. 

1000 

0.0023 

1 

11. 



16.9 

67.2 

1.40 

43.54 

6.4 

(67) 



































TABLE l--Concludea 



T 

Aoalod. 

SQVA- 

TION14 


^ 1 


n 

i 


a 

BBrassNCss 

Solvent metal, W; AE^b., 199.8 kg-cal.; -6.4 


•A. 

1 



kg-cal. 


kg-eai. 



Y. 

2000 

0.0030 

0.11 

0.2 

62. 

3.22 

56,6 


(12) 

Zr. 

2000 

0.0030 

1.1 

4.8 

78. 

2.56 

63.4 

9,2 

(12) 

Ce. 

2000 

0.0030 

1.15 

4 g 

83 

2 41 

68 2 

4 8 

n2i 

Th. 

2000 

0.0030 

1.13 

4.8 

94. 

2.13 

79.3 

6.7 

(12) 

U. 

2000 

0.0030 

1.14 

4.8 

100. 

2.00 

85.4 

6.9 

(12) 

Mot .. 

2000 

0.0030 

8. X 10-* 

-9.1 1 

80.5 

2.48 ! 

94.6 

6.4 

(36a) 

Mot 

2000 

0.0030 

5. X 10-* 

-6.5 

80.6 

2.48 

87.3 

5.9 

(36a) 


Self-diffusion of various metals 


Au. 

1000 

0.0017 

7.1 

10.2 

' 51. 

1.75 

46.43 

10.0 

(39) 

Pb. 

558 

0.0013 

6.6 

10.6 

28. 

1.64 

20.99 

9.3 

(26) 

Cu .... 

1000 

0.0023 

11. 

16.9 

57.2 

1.41 

43.54 

5.4 

(67) 

Bi§... . 

500 

0.0016 

0.0012 

-6.4 

31. 

1.54 

33.3 

5.2 

(51) 

Bit . .. 

500 

0.0016 

7. X 10« 

221. 

140. 

0.34 

28.5 

6.1 

(51) 


Effect of concentration in alloys; concentration of solute in atomic per cent 
Solvent metal, Cu; AEaub* 80.4 kg-cal.; ~5.1 


0% Zn. 

1073 

0,0024 

0.0166 

-1.9 

37.7 

2.13 

37.06 

&.7 

(48) 

4% Zn .1 

1073 

0.0024 

0.0525 

0.4 

40. 

2.01 

36.89 

6.7 

(48) 

8% Zn..! 

1073 

0.0024 

0.0776 

1.2 

40. 

2.01 

36.08 

5.8 

(48) 

12% Zn , 

1073 

0.0024 

0.0275 

-0.9 

36.5 

2.20 

34.77 

6.0 

(48) 

16% Zn . 

1073 

0.0024 

0.0046 

-4.5 

31. 

2.59 

33.09 

6.3 

(48) 

18% Zn . 

1073 

0.0024 

0.0068 

-3.7 

31. 

2.59 

32.29 

6.6 

(48) 

0% Sn . 

1073 

0.0024 

1,13 

6.4 

45. 

1.79 

36.37 

8.0 

(48) 

4% Sn 

i 

1073 

0.0024 

0.0032 

-5.2 

30.6 

2.64 

33.40 

8.4 

(48) 

0% Cd.. 

1073 

0,0024 

2. X 10-» 

-33.6 

8. 

10.05 

41.32 

5.6 

(48) 

i% Cd. 

1073 

0.0024 

2, X 10-8 

-29.0 

10. 

8.04 

38.42 

6.0 

(48) 

0% Si... 

1073 

0.0024 

0.037 

-0.4 

40. 

2.01 

37.68 

9.6 

(48) 

4% Si . 

1073 

0.0024 

0.405 

9.0 

48.2 

1.67 

36.86 

10.0 

(48) 

8% Si. . 

1073 

0.0024 

18.7 

12.0 

63.8 

1.49 

33.29 

10.8 

(48) 

0% Be.. 

1073 

0.0024 

2.3 X 10-8 

-10.4 

28. 

2.87 

36.52 

5.4 

(48) 

4% Be.. 

1073 

0.0024 

7.1 X 10-8 

-8.2 

30. 

2.68 

36.08 

5.4 

(48) 

8% Be.. 

1073 

0.0024 

3.3 X 10-» 

-0.5 

37. 

2.17 

34.90 

5.6 

(48) 

0%A1... 

1073 

0.0024 

0.0175 

-1.8 

37.7 

2.13 

36.94 

6.5 

(48) 

4%A1... 

1073 

0.0024 

0.0454 

0.1 

39.6 

2.04 

36.72 

6.6 

(48) 

8%A1... 

1073 

0.0024 

0.376 

4.3 

43. 

1.87 

35.72 

6.7 

(48) 

12% Al... 

1073 

0.0024 

6.75 

10.0 

48. 

1.68 

84.57 

6.9 

(48) 

16% Al... 

1073 

0.0024 

252. 

17.1 

54. 

1.49 

32.86 

7.3 

(48) 


Samples annealed before diffusion measurements were made, 
t Monocrystal. 
t Polycrystalline sample. 

§ Diffusion parallel to the c^axis. 

% Diffusion perpendicular to the c-axis« 
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of compree»ibility are available. Such extrapolati<m would lower tbe 
values of a somewhat. These values a in table 1 average 7.6. That 
means, crudely speaking, that on the average, a space some 14 per cent of 
the mean atomic volume must be made aviulable for the diffumon inter- 
clumge to take place. 

While it is true that a varies between, roughly, 5 and 10, the following 
rational regulanties will be eamly seen: 

1. In every case ot for the diffusion of a solute metal in some solvent metal 
is greater than a for the self-diffusion of the solvent metal. This is because 
the more nearly perfect the lattice the greater the free energy, AF*, 
required to pass to the comparatively disordered activated state, and a 
pure substance most closely approaches a perfect lattice. It will be noted 
that the highest values of a in the entire table 1 are associated with gold 
and silver diffusing in lead. This apparent anomaly is just what would be 
expected when the phase diagrams of the various binary systems are con¬ 
sulted. They show gold and silver nearly insoluble in lead (gold is soluble 
to a few hundredths of an atomic per cent in lead, and silver is about twice 
as soluble in lead as is gold). In no other case in the table does mutual 
solubility approach these small values. This means that the entrance of 
gold, especially, and to a somewhat lesser extent of silver, into the lead 
lattice causes a strain at that point which almost amounts to activation 
itself. 

That the average values of a for the diffusion of the solute metals do not 
range haphazardly through the entire limits shown in the entire table, 
but are invariably higher than a for the self-diffusion of the particular 
solvent metal is shown by table 1. Thus for gold, a for self-diffusion is 
10.0, whereas for the solute metals diffusing in gold the average value of a 
is 10.5, and it is in no case less than 10. In the case of copper, a for self¬ 
diffusion is 5.4, as compared with an average value of 6.9 for the solute 
metals diffusing in copper. With lead we find the value for a for self¬ 
diffusion is 9.3, which is to be compared with an average value of 11.5 for 
the solute metals diffusing in lead, or, if we exclude the very insoluble gold 
and silver, an average for the other solute metals of 9.8. 

2. It will be seen that, in all cases considered in table 1, as the concen¬ 
tration of the solute metal increases and the lattice therefore becomes 
more strained, a increases. That is, there is required less additional 
strain to reach the activated state. This is reflected in the fact that 
invariably decreases with increase in concentration of solute metal. Also, 
in a two-phase, two-component system, it is clear that a concentratitm 
gradient does not insure a net passage of one compcment from the dilute 
to the more concentrated phase, i.e., in sudi a case the diffusion coeffirimt 
is zero. We therefore digress a moment to derive the appropriate rela- 
tionsdiip. 
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In figure 1 we have drawn the typical barrier over which the system 
passes in diffusing. If*the activity coefficient, 7 , of a diffusing molecule 



Fig. 1 


is a function of concentration, then the number of molecules moving in 
the positive x-direction per square centimeter per second is 

j^nf% AFq d(ftr In 7 ) de X 

n,o,w«d = e (17) 


and in the backward direction 


^Mverte ~ 


X(c + X 


It'T d(*rd In 7 ) dc X 

_ xHTSi d* 2 

dx/ h 


(18) 


Setting 

r,dc 

n*{orwnrd 


and writing 

dc d *2 


we obtain 


(19) 


d In c 

( 20 ) 




m 
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where a is the activity. Thus if the activity, a, in two succestive layers 
is the same, we have Ci 7 i ^ ctyt >= a, or 0171 « Constant. Substituting 
this in the equation for D, we find D » 0 as it should. Thus we intro¬ 
duce a correction to the rate 



found by measuring the viscosity in a medium without a concentration 
gradient. As a consequence, instead of the relationship 



which has a considerable application in liquids, the proper relationship is 


kT\i (^ _j_ d In y X _ fcTXi d In o 
XjX* \ dine/ XaXgdlnc 


( 21 ) 


This correction term, depending on (d In o)/(d In c), can be added when 
vapor pressure or electromotive force data are available. For example, in 
cases where the activity plotted against the concentration shows a maxi¬ 
mum or a minimum, the diffusion rate will drop to zero under the maxi¬ 
mum or minimum conditions. 

The equations 17, 18, etc. which lead to equation 21 presuppose that in 
passing from the normal to the activated state only one molecule moves. 
If, instead, the activated state is achieved by two unlike molecules each 
moving simultaneously toward the other along the gradient, we obtain 
equation 20 of a previous paper ( 66 ). Additional experimental data on 
vapor pressure and diffusion as functions of concentration will readily serve 
to decide in each case as to the applicability of one of these mechanisms or 
of some still more complicated way of building up the activated complex 
from the normal state of the atoms or molecules. 

3. It is recognized that lattice imperfections may arise mechanically and 
that these may affect diffusion mechanisms. In the cases covered in 
table 1, however, the effect on is not great. In the data on diffusion 
in copper, two cases, lead and tin, are marked with asterisks. In these 
cases the samples were annealed before the diffusion measurements were 
made. As would be expected, some of the lattice strains tend to be 
“healed,” and a tends to decrease (AF* to increase), but this change is 
comparatively small. A somewhat greater effect is noted in the difference 
in « for diffusion of molybdenum through a single crystal and through 
polycrystals of timgsten. Whether the strains r^oved by heating are 
rifts 09 simply strained zones, their disappearance should have the ob- 
serv^ ^ect of increasing AF^ 



ABSOLUTE RATES OF SOLID REACTIONS 


965 


In column 7 of table 1 we have entered the ratio of the heat of sublima* 
tion of the solvent metal to the activation energy for diffusion of the 
various solute metals. The average value of this ratio, n = 2.3, is to be 
compared with values of n found for viscous flow in liquid metals (16) 
running from 9 to 20. This great difference in activation energies for the 
flow processes in liquid and solid metals is of course simply another aspect 
of the difference in rigidity. 

The comparative fluidity of liquid metals has been explained (16) as 
being due to the atoms passing each other minus their conducting electrons, 
or at least with their outer shells highly deformed. Similarly, diffusion 
in the solid state should proceed more readily for metals than for non- 
metals because of this deformability of the outer shell of the metals. 

The great difference in the rate of diffusion of molecules in a solid and 
in a liquid in equilibrium with it (i.e., at the melting point) is a striking 
example of the fact that the diffusion rate is not determined alone by the 

TABLE 2 • 


Diffusion of thorium on or in tungsten 


MBCHANIBM 



A8^ 


kg^al. 

kfhcal. 


Solid solution. 

106.7 

116.0 

6.18 

Grain boundary. 

76.9 

86.0 

4.58 

Surface. 

65.1 

62.4 

3.68 


activity of the diffusing molecules in their normal state. This rate process, 
like every other, is governed by the free-energy change in passing from 
the normal state to the activated state. The loosening of structure 
required to form the activated complex means the pushing back of the 
neighbors of the diffusing molecules. The process thus requires the 
cooperation of neighbors, and this cooperation is much more expensive in 
free energy for the interlocking atoms of a solid. Any rate process which 
has an activated complex more expanded than the normal state en¬ 
counters this large negative catalytic effect on the rate in the solid state. 

The case of diffusion of thorium on or in tungsten is of interest, since the 
diffusion rates have been measured for solid solution, grain boundary, and 
surface diffusion (33). In table 2 are collected the values of those quanti¬ 
ties occurring in equation 7 which are characteristic of these different 
mechanisms. ! 

The striking point here is that for surface diffusion one expects about 
half as many bonds to be broken on activation as for solid solution diffu¬ 
sion, and it will be noted that the heat of activation in the former case is 
about half (63.7 per cent) that in the latter. Since the entropies are small 




m 
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m botii cases, it follows thit the free mergy of activation for surface 
diffusion is also about half (52.1 per ^t) that for solid solutitm diffu8i(Bi. 

Investigations on the effect of external pressure on diffusion rate would 
enable one to differentiate two models as to how the extra volume for the 
passing of two molecules is made available in the activated state. In the 
first model a hole of suitable volume, Vi ,, appears at the required point 
without changing the average density of the adjacent molecules. This 
means that the whole system e:q)ands and does the work PVh against the 
external pressure P. Thus the free energy of activation becomes 

AFi - PVs 4- AFi (22) 

where AF^ is that part of the free energy arising from the work against 
the internal forces, and will of course vary somewhat with the pressure. 
Such a model seems to represent very well the situation in normal 
liquids (16b). 

In this second model the necessary cavity, Va , is made by compressing 
adjacent molecules, and as this stress, because of crystalline structure, 
gradually disappears with distance from the cavity, the activation process 
would involve in the extreme case no expansion of the system as a whole. 
In this case AF| ■= AFj, and since AF| may either increase or decrease 
with pressure depending on the resultant modification of the structure, we 
would have correspondingly a decrease or increase in the diffusion rate. 
Thus water, a system which possesses structure at low temperatures, 
actually becomes more fluid with increase in pressure for low pressures. 
This contrasts with the opposite behavior for normal liquids. Fluidity 
and diffumvity, according to our theory, are linearly proportional. This 
fact that this liquid, i.e., water, which has structure, approaches model 2 
suggests that soUds are likely to approach model 2 more nearly than 1. 

As a very rough estimate, the diffusion in solids is not apt to decrease 

_!Z4 

with pressure by factors much smaller than e **', and in certain cases 
may very well increase by factors comparable with the reciprocal of ibis, 
on the basis of model 1. For model 2 we would have 

Do = Ae~^' (28) 

and 

Dp » d exp /- 7-^ —(24) 

SO that the corresponding factor for decrease of diffusion with pressure 
woidd be 
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The very limited available experimental data on the effect of pressure 
indicate that it is very small (8). Using the relationship 

Do/Dp s e*’’ 

we find the pressure necessary to make Do/Dp = 2, for the case of diffusion 
in lead (for which, in table 1, T = 560, and the volume increase, F*, 
necessary for activation is about 2 cc.) to be 11,000 atm. (The estimated 
value of 2 cc. for F* is simply the molal volume divided by a.) Using the 
second model and the relationship 



we find, on the other hand, for diffusion in lead at 560°C. that about 2600 
atm. would be necessary to make Do/Dp = 2. At higher temperatures 
the pressures necessary for the same change in diffusion would be greater. 
The pressures, 1000 to 1500 atm., so far employed in diffusion studies, 
would, on the basis of models 1 and 2, change the diffusion rate (in the 
specific case noted) by 10 per cent and 30 per cent, respectively, but this 
would not in general be differentiated from experimental error. 

While the rate-determining magnitude for any process is the free energy 
of activation, further insight into specific behavior may sometimes be 
gained by breaking up the free energy into the corresponding heat and 
entropy changes. In table 1 are given the entropies of activation calcu¬ 
lated by means of equation 7. (Corresponding values of can be 
obtained by subtracting RT from the values in the colunm containing 
Etct.) The idealized equation 14 yields values of AS* lying between —4.8 
and —6.4. 

Three classes of effects on the lattice by the process of activation are 
suggested by the measured values of AS*. 

1. In the simplest (though by no means the most frequent) case, the 
deformation of, or strain on, the lattice is not accompanied by marked 
alteration of its rigidity or general structure. Examples of this case are 
the diffuaimi of copper, palladium, and platinum in gold, where AS* values 
of nearly —7. in all cases are to be compared with the ideal —6.2. 

2. In tibe second case AS* is negative, and runs from —11. to —18. 
units. Tim can be intorpreted as a great increase in the rigidity of the 
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activated as compared with the Dormal state. An alternative mcplanation 
is that only a fraction of the molecules—those located at interfaces, for 
example—diffuse at an appreciable rate. Evidence of this may be noted 
in the diffusion of the various metals in silver, where the average value 
of AjS^ is —11.6 in place of the ideal —5.8. In certain cases of diffution 
in copper the same thing is true. 

3. Finally, we have cases which can be interpreted as a partial melting 
of the solvent around the activated pair, shown by an abnormally large 
value of AS*. Self-diffusion, in general, shows this behavior, as well as 
diffusion of many metals in lead. This “melting” varies from what may 
be interpreted as the loosening of one or two atoms to the apparent 
collapse of a imit cell of from seven to ten atoms, as estimated by the 
number 

AS* — AS^dMi 
ASmelttag 

If the data on the self-diffusion of bismuth can be taken at face value, 
there seems to be a slight stiffening of the lattice upon activation for 
diffusion parallel to the c-axis, but an enormous collapse of structure, 
amoimting to the melting of nearly sixty atoms, for diffusion normal to 
this axis. 

With respect to the effect of annealing on AS*, it will be seen that the 
partial healing of strains in the lattice by this process is accompanied by 
the expected increase in AiS*, as shown by the behavior of palladium and 
tin diffusing in copper. 


Effect of concentration 

In the case of zinc diffusing in copper it is possible to test qualitatively 
the effect of change of activity with concentration on the diffusion rate 
(equation 20). In figure 2A we have plotted the logarithm of p/po for 
zinc against its mole fraction in zinc-copper alloys. Here p is the partial 
pressure of zinc over the alloy, and po is the vapor pressure of pure zinc 
(27). It will be seen that up to about 15 mole per cent of zinc the value 
of (d log p/po)/(d log ATzo) is about unity, but for concentrations of zinc 
above 15 mole per cent 1<^ p/po increases more rapidly than log Nzn • 
In figure 2B we have plotted D for the diffusion of zinc in copper at 800®C. 
(48) against mole fraction of zinc. The diffusion coefficient is seen to 
increase sharply somewhere between 12 and 16 mole per cent zinc. Dunn 
(11) also finds an increase in D for tine in copper of five to seven times 
between alloys containing 9.6 and 29 per cent zinc, respectively. 


III. nirrusiON or oases in metai/S 

In the case cS diffusion of gases in metals, several qualitative facts must 
borne in mind in approaching a treatment of any postulated mechanism. 



AB80LT7TB KATES OF SOUD BEACTIONB 


909 


1. “Only those gases which undergo activated adsorption by a metal 
can diffuse through it” (63). 

2. At very low pressures the rate is proportional to the pressure. 

3. At higher pressures the rate is proportional to the square root of the 
pressure unless, or until, some specific compound, as for example an oxide 
layer, holds the free energy of the gas constant at the point where diffusion 
starts, in which case the rate becomes independent of pressure. For the 
diffusion of oxygen through nickel at 900®C. this is the case when the 
oxygen pressure reaches about 0.25 mm. (65). 



4. If two sheets of metal, each 1 nun. thick, are clamped tc^ether, the 
rate at which hydrogen diffuses through the two sheets is the same as its 
rate of diffusion through a single sheet 2 mm. thick (36). 

In general, the behavior of gases diffusing through metals can be 
described by an equation of the form of equation 7. 

It is recognized that at sufficiently high pressures mechanical processes, 
such as a kind of effusion through crystal imperfections, are important. 
Such mechanisms doubtless contribute under any conditions, but it is 
thought that the general diffusion behavior in regions of temperature and 
pressure where kinetic experiments have been made indicates that lattice 
diffusion is the predominant mechanism, and that the slow process does 
not take place at either surface except as noted below. In table 3 are given 
values for the quantities occurring in equation 7 which have been calcu¬ 
lated tirom certain typical diffusion data. It is sufficient for our purpose 
to obtain the data from the collection made by Smithells (63). 
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The reason for taking lattice diffusi(a as the impmiant meduakn is 
based on the following points: 

1. It is improbable that grain boundary diffusion through impurities or 
other semi-mechanical diffusion would be as specific as the data in table 3 
indicate Af * to be. For hydrogen diffusion this quantity varies by over 
twelve times, from only 2.17 kg-cal. in palladium to 24. kg-cal. in alu- 
minum. 

2. The close approximation of the square-root law for sufficiently high 
pressures is hard to reconcile with purely mechanical mechanisms. 

3. There is no confirmation of the idea that grain size affects rate of 
diffusion. In particular, Baukloh and Kayser (1) could not detect any 
difference in the rate of diffusion of hydrogen through samples of nickel 


TABLE 3 

Diffuaion of gates through metals 


BTBTAli 

T 

•Z^aet. 

A 

AH^ 

A8^ 

AF^ 

Hr-Ni. 

•A. 

800 

kfhcal. 

13.95 

0.0386 

12.35 

0.9 

ho^oL 

13.2 

Hr-Pt. 

760 

18.80 

0.0358 

17.3 

0.6 

18.3 

Hr~Mo. 

1200 

20.20 

0.0256 

17.8 

-1.0 

21.4 

Hr^Pd. 

800 

4.33 

0.113 

2.73 

2.7 

2.17 

Hr-Cu. 

000 

18.15 

0.0047 

16.95 

-2.67 

19.8 

H,-Fe.1 

800 1 

10.00 

0.0052 

8.4 

-3.0 

12.4 

H,-A1. 

600 

30.8 

ca. 5. 

29.6 

10.7 

24.4 

Ot-Ag. 

850 

22.6 

0.08 

20.9 

1.8 

21.1 

N,-Mo. 

1500 

45.0 

0.229 

42.0 

2.9 

40.6 

Ng-Fe. 

1000 

23.8 

0.0124 

21.8 

-1.7 

25.5 

CO-Fe. 

1000 

18.6 

0.0036 

16.6 

-4.2 

22.8 


varying in grain size. Edwards (14), as well as Smithells and Ransley (64), 
found the rate of diffusion of hydrogen through a single crystal of iron to 
be identical with its rate through a sample having 100 grains per mm*. 
These rates of diffusion remained equal through the entire temperature 
range studied, from 246® to 779®C. 

D. P. Smith and coworkers (62) have suggested that rifts, i.e., slight 
openings in the lattice structure along slip planes formed during me¬ 
chanical working or plastic deformation, furnish a “preferred path oi 
diffusion.” Whether such slip planes in actual practice contribute appre¬ 
ciably to diffusion rate or not, it is notable that we still have tbe fai^ 
specificity of AF* for the diffusion of hydrogen through various metals as. 
noted above, which would necesdtate, if rift diffusion dominates, either a 
hig^ specificity of rifting among Ibe various metals, or else the eonduirion 
that diffusion through rifts is an activated atomic evmit just as it is 
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through a more nearly perfect lattice. This last conclusion is borne out 
by the fact that, at least in the cases of nickel, palladium, and iron, the 
hydrogen in the rifts is dissociated or ionized. In this latter sense rifts 
might well afford a preferred path if they are available, since a certain 
lattice distortion is necessary in any case for activation. 

That under most conditions neither surface process is the slow step is 
indicated by the qualitative fact noted above that the rate of diffusion 
through two metallic strips clamped together was found to be equal to 
the rate through a single strip of the same total thickness.... In specific 
instances one can be more definite. For example, Leypinsky (34) has 
shown that the activation energy for the adsorption of hydrogen on nickel 
is 3. kg-cal. or less per mole of hydrogen. For the adsorption of hydrogen 
and of deuterium on platinum Maxted and Moon (43) find 2.5 and 2.4 
kg-cal, per mole, respectively. Since the value of AF^ for diffusion of 
hydrogen in palladium is only 2.17 kg-cal., it seems hardly probable that 
the hydrogen can lose an appreciable fraction of its entropy when the 
activation process of adsorption takes place. This means that the values 
of AH^ and AF^ for adsorption will probably be nearly the same and quite 
small. Thus, in general^ adsorption cannot be the slow process. The 
energy of activation of the desorption process will be the sum of the heat 
of adsorption and the activation energy for the adsorption process. The 
activation energy for adsorption is 2.5 and 3. kg-cal. per mole of hydrogen 
in the two cases known and is probably not very different in other cases. 
To obtain the activation energy of desorption we must add 10 to 15 kg-cal. 
(for values and references see our reference 63) for the metals copper, 
nickel, platinum, and iron, giving an energy of activation for desorption of 
14 to 18 kg.-cal. per mole of hydrogen, or 7 to 9 kg-cal. per gram-atom. 
Any small entropy increase will lower the corresponding free energy, but, 
as pointed out above, this will probably be negligible, so we may take 7 
to 9 kg-cal. for AF^ for desorption for the metals mentioned and compare 
these values with 16.1 kg-cal. for the free energy of activation of diffusion 
in the case of iron, and up to 22.5 kg-cal. for copper. In the case of pal¬ 
ladium, the data of Melville and Rideal (45) give a heat of solution for 
hydrogen of 2.24 kg-cal. per mole, or about 1.12 kg-cal. per gram-atom. 
If this value is good at 800®A., and if we assume that the energy of activa¬ 
tion of hydrogen adsorption on palladium Ls at least no greater than on 
platinum, we would have for an upper limit of AF^ for desorption 2.5 — 
RT -f 1.12 = 2.0 kg-cal., which would be lowered by any TAS^ for 
desorption. This value, while not appreciably smaller than the value 
2.17 kg-cal. for AF^ for diffusion activation, cannot make desorption the 
limiting process. Farkas (21) suggests sorption as the slow process for 
hydrogen through palladium, but this is on the basis of heat rather than 
free-energy considerations. 
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There are two general conditions under which the reaction at the entering 
surface becomes the limiting factor. In die first place, when die pressare 
of the gas is sufficiently lowered, the rate at which it enters the lattice is 
so slow that the activated portions are always nearly empty. This means 
that instead of the independent activation of the adsorbed hydrogen 
atoms in the diffusion process, two atoms almost simultaneously diffuse. 
This would result in a rate which is proportional to the gas pressure 
rather than to its square root. It may be remarked in pasong that abso¬ 
lute rate theory does not involve equilibria intermediate between the 
initial and the activated state. Thus the concentration of hydrogen at 
the top of the activation energy barrier for diffusion remains proportional 
to the square root of the pressure of hydrogen gas up to pressures at 
which the surface may be covered, and even beyond, providing diffusion 
remains the slow process. The fundamental equilibrium is between the 
gaseous state and the activated positions. 

The equivalent of higher pressures in the case of hydrogen seems to have 
been obtained by Borelius and Lindblom (4) and by Bodenstein (3) 
through furnishing nascent hydrogen to the surface of metal by electrolysis. 
The activation enei^ found by Borelius and Undblom for the diffusion 
of electrolsdiic hydrogen throtigh iron at ordinary temperatures was only 
slightly lower than that found for diffusion of gaseous hydrogen at higher 
temperatures. In fact, they have been considered essentially identical, 
though, as will be pointed out later, this is not the case even though the 
actual diffusion process through the metal be the same for gaseous hydrogen 
as for the electrolytically produced material. From their data Borelius 
and Lindblom found an approximate relationship between the current 
density and the gas pressure necessary for the same diffusion rate of the 
form 

P = 17,0001 (26) 

where I is the current density in amperes per cm.^, and P is in atmospheres. 
A relationship of this general nature is exactly what the theory of absolute 
reaction rates would predict. In the study of diffusion of electrolsdacally 
produced hydrogen t^ugh metals three processes are of interest: 

1. —D— for the diffusion process (26) 


dm 

cU 


J 

F 


for the liberation of hydrogen 


(27) 


dm ,Jk!r 


for the Combination of two hydrogoi 
atoms into molecules 


( 28 ) 
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Hei^ we take m in gram-atoms of hydrogen, I in amperes per cm.^ F is 
the Faraday, and c is the concentration of hydrogen in gram-atoms per 
cubic centimeter. To eliminate questionable activity coefficients at the 
metal surface we will take the concentration gradient as efiPective from 
just inside the entering surface of the metal to just inside the departing 
surface, taking the effective concentration at the departing surface as zero. 
We assume that the hydrogen just inside the entering surface is in essential 
equilibrium with that at the surface. 

In the steady state the rate of process 2 above will be the sum of the 
rates of processes 1 and 3, but will be essentially equal to process 3, i.e., 
a very small fraction of the liberated hydrogen diffuses. 

TABLE 4 


The diffueion of hydrogen through iron 


T 

dm 

-LOO-gj- 

/ 

- LOO D 

B 

•A. 





293 

12.50 

0.0075 


9130 


12.36 

0.0150 


8710 


12.19 

0.030 


9550 


12.09 

0.045 

13.42 

10000 

9350 (ave.) 

333 

11.69 

0.0076 


12420 


11.45 

0.0160 


11860 


11.31 

0.030 


11320 


11.22 

0.045 

12.677 

11320 

11730 (ave.) 

370 

10.98 

0.0075 


12030 


10.81 

0.0160 


13180 


10.67 

0.030 


12590 


10.58 

0.045 

11.96 

12590 

12600 (ave.) 


In obtaining the values given in table 4 we use the data of Borelius and 
Lindblom to calculate the constant B in the relationship (equation 25) 
P BL For the rate of the ordinary gaseous diffusion we employ their 
equation 

9400 

D - 4 X 


These values are given in column 4. Column 2 contains values for the 
electrolytic diffusion rates at different current densities measured in gram- 
atoms of b 3 'tirogen per second per square centimeter area per centimeter 
thickness. It will seen that the value of the constant B changes with 
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tmperature. From this change the heat of activation of adsorption may 
be obtained as follows. Equation 28 may be written 


dm 


urp 

2 iCl sr "““SV 

Ch-t-® " 
n 


= K, 


kT 


Asf 




AF* 
’ ST 




where is Ch/ch, , and I may be written as 




kT ^ - 
* 


AH^ 

BT 



Thus if we plot 1 /BT against 1 /T we can obtain Aff* from the slope. 
The data give a satisfactorily straight line which yields a value of 1.5 
kg-cal. for The sign will be negative for the reaction represented 

in equation 28, but positive if we are interested in the heat of activation 
of adsorption. 

In figure 3 we have indicated in more detail the course of the diffusion 
phenomenon of a gas, particularly hydrogen, through a metal. The quan¬ 
tities noted in the figure are defined in the headings of table 5, where we 
have attempted to collect approximate values in the case of several 
metals, from the available data. 

Since only those gaseous molecules which are able to combine with the 
solid can diffuse through it, a necessary condition for easy diffusibility of 
hydrogen is that the solid atoms have a low-lying orbital which can accom¬ 
modate the hydrogen electron. All paramagnetic materials have such 
unpaired electrons as the paramagnetism itself shows, and the transition 
elements are in general conspicuous for their permeability to hydrogen as 
well as for their magnetic properties. Further, palladium, although it lies 
between nickel and platinum in the Periodic Table, is both more per¬ 
meable to hydrogen and more inclined to keep its d shell filled if the elec¬ 
trons are available. This is shown, for example, by the fact that the 3d 
shell in normal nickel lacks two electrons of being full, the two extra 
electrons being in the 4« shell. In platinum the 5d shell lacks one electron 
of being full, the extra electron being in the 6« state, whereas in palladium 
the 4d shell is filled, with no electron able to overflow into the 5s state. 
This explains why solid palladium is more anxious to acquire an electron 
from hydrogen to fill the d shell, which has been partly emptied into 
higher states to form the metallic bonds. Other evidence than the per¬ 
meability of the transition elements to hydrogen and a tendency to com¬ 
bine with the latter can be found in the nature of the coSrdination com¬ 
pounds which are formed (47). 

When a metal is immersed in an electrolyte there is in general a prefer¬ 
ential adsorption of the positive or negative ions on the surface. The ions 
oi opposite charge then congregate on the opposdte side of tixe double 
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Fig. 3 


TABLE 6 


Various heat values per gram-atom of hydrogen 


MVTAL 

El 

BIIAT OF AC¬ 
TIVATION OP 
ADSORPTION 

(takbnabxn- 

DOTHBRinC) 

1 

1 

HEAT OF ADSORPTION 

(taken as bxo- 
THBRinC) 

E% 

OVER-ALL ACTIVA¬ 
TION ENXBQT OF 
DIPPOBION (taken 
AS ENDOTHERMIC) 

Ei 

HEAT OP SOLUTION 

(taken as exo¬ 
thermic) 

El 4* El 

HEAT OP ACTIVA¬ 
TION OF THE 
LATTICE DIFFU¬ 
SION PROCESS 


1 

Value 

1 

Refer¬ 

ence 

Value 

Refer- i 
enoe j 

1 

1 

Value 

Reference 

Value 

Refer¬ 

ence 

Value 

Refer- 

Sbce 

Fe... 

kg-cal, 

1.6 

(4) 

kg~cat, 

6.2 

(15) 

1 

kg-eal, 

9.6 

(64) 

kg^l. 

-3.6 

(69) 

kg^. 
6.0 ' 


Pd... 

2.9 

(21) 

Probably 

(46) 

4.33 

(45, 38) 

(T < 1100) 
-4.1 

(r > 1100) 

0.8 to 1.2 

(46, 

! 

6.4 

5.1 to 



1.2 

(43) 

less 
than 1 
6.8 

(42, 

18.8 

(49, 23) 

-7.8 ; 

60) 

(61) 

6.6* 

11.0 


Ni.... 

1.6 

(84) 

6.0 

68) 

(22) 

13.9 

(64,4,23, 

-1.7 

(69) 

12.2 


Cu .. 



6.2 

(31,2) 

18.2 

37,9) 

(64,6) 

-4.6 

(69) 

13.7 



* Direct experimental measurement of this quantity gives values lying between 
4.1 and 6.7 (references 21', 7). 
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layer. The result is a definite change in the overvoltage which is a 
measure of the activation energy for the ion being transferred between 
electrode and electrolyte (19). This change in activation energy will arise 
whether the particle traversing the double layer carries a charge or not 
and whether or not the adsorbed molecules are charged. However, when 
both the diffusing and adsorbed partiples carry charges we can anticipate 
an interesting difference arising from the polar nature of the double layer. 
In this case, if an electrolyte increases the rate of sorption, it should 
decrease the rate of desorption, since the ion traverses the double layer in 
opposite directions in the two cases. Since this effect has been observed 
by Kobozev and Monblanova (32) for the electrodiffusion of hydrogen 
through a palladium membrane between solutions containing potassium 
salts, we can conclude that the hydrogen passes over the barrier at the 
interface as an ion. Further, the fact that sorption is facilitated indicates 
that the negative ions are in this case preferentially adsorbed. 

IV. ELECTROLYTIC CONDUCTION 

The determination of the conductance and transference number of any 
constituent in a mixture gives information as to the average charge on the 
transported constituent. This can be calculated from the relationship 
between mobility and diffusion coefficient as follows: Given a solute with 
concentration gradient dc/dz, a potential barrier, and an applied field 
such that aw is the work done by the applied field in going to the top of 
the barrier, and (1 — a)w is the work done by the applied field in going 
from the top of the barrier to the trough. Then, if X is the distance be¬ 
tween two potential minima, we have for the number of particles crossing 
the barrier in the forward direction 

aw 

rate (forward) = Xcfc'e*’’ (29) 

and , 

- 

rate (reverse) « X(c + X dc/dx)h'e (30) 

where the forward direction is taken as that with the applied field, and k' 
is the specific rate constant. The net rate is thus 

aw (l--’tt)w 

rate (net) = X(c+ Xdc/da:)A!'e (31) 

Since w/kT will in general be small compared to unity, we may expand the 
mqpon^tials, dropping terms beyond the first power of w/kT, and write 
in place of equation 31 

rate (net) = Xeik'(l + aw/kT) - X(c + Xdc/d®)ifc'(l - ^ (82) 

_ Xcfc'tc dc /, (1 — <«)«»\ 

kT d*V jfcT ) 


(88) 
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or, since (1 — a)w/kT <K 1, we may write 

rate (net) = - XV ^ (34) 

If the applied field is electrical, we may put 

w « Xipze (35) 

where <p is the potential gradient (in units to give work in ergs), and Z€ 
is the effective charge, or 2 is the absolute value of the effective charge in 
electron units. Substituting in equation 34 we get 

rate (net) = dc/dx (36) 

But for the electrical flow we have 

rate (elec.) == cBfp = ^ (37) 


where B is the mobilit 5 ^ However, since the diffusion coefficient, D, is 
we obtain 


— -Dzc 


(38) 


or 


z « 


BkT 

De 


(39) 


Table 6 contains values of z calculated for four types of solid conduction 
systems, together with the value calculated for K"*” or CF in potassium 
chloride solution (aqueous), for comparison. 

The observed value of s = 0.007 for hydrogen diffusing in palladium 
can be imderstood if the migrating hydrogen has a charged activated 
state lying about 3 kg-cal. higher than the activated state. In this case 
about seven protons would migrate for each 993 uncharged hydrogen 
atoms which pass over the barrier. The alternate hypothesis that each 
diffusing hydrogen atom carries 0.7 per cent of a unit of charge seems 
unlikely. 

The effect of hydrogen on the conductance of palladium gives some 
evidence as to the condition of the dissolved hydrogen. The effective 
charge on the hydrogen is seen from table 6 to be small. The decrease in 
conductivity caused by dissolving hydrogen in palladium is in part due to 
the diluting of the conducting metallic electrons, since the metal expands 
with increasmg hydrogen concentration; but the conductivity decrease is 
greater than can be accounted for on this basis alone. In table 7, calcu- 
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TABLE 6 

ValueB of z cdlculaied for four types of solid conduction systems 


STffTBM 

B 

X> 

T 

B 

1 

•IGN OF CmAMQZ 

BaPBRBMCa 

H-Pd. 

cm. per eeecnd 
per tolt per etn, 

2.6 X 10-» 

em,* per eeeond 

9,6 X 10-* 

•A. 

308 

0.007 

H positive 

(10) 

Au-Pb (0.02 atom 
per cent Au).... 

4.73 X 10-« 

3.26 X 10-’ 

473 

0.006 

Au negative 

(63) 

Pb-Pbl....... ... 

6.63 X 10~« 

2.97 X 10-1* 

600 

0.96 

Pb positive 

(62, 24) 

Pd-Au. 

3.46 X 10-11 

1.17 X 10-1® 

1173 

0.03 

Pd positive 

(30, 29) 

C-Fe. 

1.6 X 10-» 

6. X 10“^ 

1343 

0.006 

C positive 

(67, 46) 

K (or C1)-H,0.... 

to 2.2 X 

io-» 

6.79 X 10-* 

1.69 X 10-® 

1 291 

1.01 


(72) 


* B in units given in the table, may be calculated from the relationship 


IdOOuiK 

where « is the specific conductance, n, is the transference number of the t*** constit¬ 
uent, 7 is the Faraday, and c is the concentration in gram-atoms per liter. Sub¬ 
stituting for z, we get 


z 


8.9 X 10-'^micT 
Dci 


where D is the diffusion coefficient. 


TABLE 7 

Effect of dissolving hydrogen in palladium on the conducting electrons 


HTDBOOBN CON- 
CSNTRATION 
RATIO 

H/Pd 

PKR CENT 
CHAROS IN K 

PBR CENT 
CHANGE IN 
VOLTTME 

0.000 

0.060 

11.47 

6.27 

0.12 

17.62 

6.63 

0.307 

33.80 

9.76 

0.469 

41.70 

11.98 

0.649 

46.10 

13.27 

0.646 

60.73 

14.80 


PER CENT 
CHANGE IN K 
CORRECTED FOR 
VOLTTME CHANGE 

CONDUCTINO 
BLECTBONB 
BOUND PBR H 
ATOM 

(Ratio column 4/ 
column 5) 

eX 1(H 

6.2 

1.03 

9.321 

8.262 

10.89 

0.91 

7.6876 

24.06 

0.78 

6.1712 

29.72 

0.66 

6.4344 

32.83 

0.60 

6.0233 

36.93 

0.66 

4.6924 


lated from the data of G. Wolf (70), we have estimated the number of 
conducting electrons eflfectively bound, per atom of hydrogen in the 
palladium. 


We wish to thank Dr, John Turkevich for helpful discussions. 
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INTRODUCTION 

Although for the diffusion of large molecules through a solvent com¬ 
posed of smaller molecules the Stokes-Einstein law of diffusion has been 
found to describe satisfactorily the experimental results, it is unsatis¬ 
factory in principle in cases where solute and solvent molecules are nearly 
the same size. Eyring (3) has pointed out that the process of diffusion is 
the same as that for viscous flow, except that in diffusion the two mole¬ 
cules passing each other may have different properties, whereas for viscous 
flow, in a pure liquid at least, the two molecules passing each other are 
alike. The relation between the diffusion coefficient and the specific 
velocity constant given for an activated rate process was 

D « XV (1) 

where X is the distance between two equilibrium positions of the diffusing 
molecule, and ifc' is the number of times per second that a particular 
molecule is engaged in passing a neighbor in any particular direction,— 
say the direction of diffusion. 

The expression developed for viscosity was (3) 

rj = \ikT/X\\zk' ( 2 ) 

where X has the same significance as in equation 1, namely, the distance 
between equilibrium positions in the direction of flow, Xi is the perpendicu¬ 
lar distance between adjacent layers of molecules, X 2 is the distance 
between adjacent molecules in the direction of flow% Xs is the distance 
between molecules in the plane of flow and normal to the direction of 
flow, and k ' is the specific rate constant. 

Taylor (18), using the combination 

D = kT\i/\i\zv 

of equations 1 and 2, found that it gave much more reasonable results 
than the Stokes-Einstein relation, 

D =s kT/6Trif 

when the molecules diffusing into each other were similar. 
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Since viscosity was shown to exhibit an exponential variation with 
temperature (2), it follows that diffusion should exhibit a like tempera¬ 
ture variation. For solid diffusion such a variation with temperature has 
long been recognized, but up until this time diffusion in liquids has fre¬ 
quently been considered as a linear function of temperature. The diffi¬ 
culty of measuring diffusion rates has restricted the advancement of 
investigation into this problem, and even Cohen and Bruins (1), whose 
data on the diffusion of tetrabromoethane in tetrachloroethane seem as 
yet the best available for determining the variation of diffusion rate with 
temperature, plot their rate values against both the first and the second 
powers of the temperature. 

From absolute reaction rate theory (4) we may write for A;' in equation 1 


rm Art -trp Ast Aifft 

= e * e 

n h 


(3) 

(4) 


where JF* and JFn are the partition functions of the reacting system in the 
activated and the normal state, respectively, AF^ AS*, and AH* are, 
respectively, the standard free energy, entropy, and heat increases when 
the activated complex is formed from the reactants, Eo is the difference 
in energy between the lowest level in the normal and in the activated 
state, k is the Boltzmann constant, and h is the Planck constant. We 
have taken the transmission coefficient as unity. The heat of activation 
is calculated from the relation 


Aff* = - RT 


From equations 1, 3, and 4 we obtain 
D 


h y« 


= X 


ikT 


RT sss 


= X 


kT 


Ast 4^ 
' RT 


e 


(5) 

( 6 ) 


If we assume that the degree of freedom corresponding to flow is a trans¬ 
lational one, and that the partition functions for other degrees of freedom 
are the same for the initial and activated states, then 

— = ^ (7) 

(2irmkTy'\y* ^ 

where ty is the free volume for one molecule. Capital letters are used for 
the volume, V, and the free volume, V/, when a mole is indicated. 
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If the unit process in diffusion (or in viscous flow) is the passing of two 
molecules in the sense of a partial rotation of a double molecule (10), extra 
space must be provided, though this may not necessarily have to be a 
hole the full size of a molecule. Therefore the energy of activation for 
diffusion will be some fraction of the energy of vaporization; AE^t. = 
AE^t,p./n, Considering the data of Cohen and Bruins (1), Taylor (18) 
concluded that in diffusion the size of the hole required is approximately 
the arithmetic mean of that required by the two pure substances in their 
respective viscous flows. 

Substituting equation 7 into equation 5 and writing AEy^p./n for Eo , 
we obtain 


D = 


h {2rmkTf>Wt‘* 


( 8 ) 



(9) 


For X, in the case of a pure liquid, we take {V where N is Avo- 
gadro's number. The free volume characteristic of a pure liquid has been 
estimated in various ways. Eyring and Hirschfelder (5) developed the 
relation 




2RT 

VWN'i\p + a/y*) 


( 10 ) 


2 RTV^'* 


if o/y* = AE^^r,./V»p 


( 11 ) 


where Aj&t»p. = A^vap. — A(py). Kincaid and Eyring (13) find 


llq. 


( 12 ) 


where U is the velocity of sound.^ 

For more concentrated solutions the change in activity coefficients of 
the components with concentration will affect the free energy of activa¬ 
tion. This effect can be calculated for the simple case of molecules of 
approximately equal size as follows: Let AFJ be the height of the energy 
barrier in figure 1 . Then if 71 and 72 are, respectively, the activity coeffi¬ 
cients of constituents 1 and 2, the rate at which constituent 1 will sur- 


^ There seems to be no significant difference in the values of the free volumes 
whether calculated from equation 11 or equation 12 except in the case of water. 
For five organic liquids the ratio of ti)^*from equation 12 to that from equation 11 
averages 0.95 and varies from about 0.85 to 1.07, whereas for water this ratio is 
about 2.5 (c/. reference 8). In the case of the values of free volume used later in 
this paper, we specify in all cases whether they were obtained from equation 11 or 
equation 12. 
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mount the barrier in the forward direction (left to right) will depend not 
only on AFq but also on the differences in 71 and 72 on the opposite sides 
of the barrier. For a symmetrical barrier the additional free energy, due 



Fig. 1. Potential energy curve for diffusion 


to non-ideality of the solution, needed by constituent 1 to reach the top 
of the barrier in the forward direction will be 

RTd In 71 dA^i X _ RTd In 7 * cLATj X 
dJVi d* 2 diVj da: 2 


= . ^Tdlnn X 

dJVi da: 2 dNt dz 2 

where and ATj are the mole fractions of constituents 1 and 2 , and 

(Wi = -diSr,. 

We set 


XT d In 7 i 


dJVi 


= Gi, 


RTdlnyt 

di^ 


(?* 


and 


JkT 

— e ar 
h 


B 


We may then write for the net rate* of constituent 1 in the forward direction 

* When the effect of Gi only is considered, we obtain the form of activity coeffi¬ 
cient effect given by L. Onsager and R. M. Fuoss (J. Phys. Chem. 86, 2687 (1932)). 
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r&t)6 ~ 2^1 dWl/diT A/forward "" X(Wi “f* X dl2'i/d2/}Af]>eivwM (13) 

- Xg(„. + Xdn.W e:„ (<«■ + (U, 

Since 

(G'i-G,)^«Br 

we may expand the exponential in equation 14 and, neglecting higher 
powers of the exponent, write 

Noting that nidJVi/dx = NiAui/Ax, provided the molecules are about 
the same size so that ui + 712 can be assumed constant, and that 

{Gi + G2)m\ 

RT dx 2 


can be neglected compared to unity, we obtain 

Z)i = X^fid + JVi(Gi + G2)/RT) (16) 

Replacing (?i, (j 2 , and B by their respective values and noting that 
X^J5 = D\ (equations 1 and 4) 


we have 


D,.Di(l+lf.{i^ + ^-^)) ( 17 ) 


From the Duhem-Margules relation 

d In 7 i _ d In yj 
dlnJVi “ dTnJV, 


equation 18 becomes 


Di = D?(l + dlnY*/diV,) 


(19) 


(20) 
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If we introduce the relation (9) 

In 

we may also write 

A = D?(l - ffiNi) (21) 

true when JVi is small. Similarly, when Nt is small we have 

In 7i = ^iNl 

which when substituted in equation 20 gives 

A = Ad - |3^x) (21a) 

For large spherical molecules moving with a velocity w in a solution 
Stokes has shown that the force acting on such a molecule is 

/ = Qirrur) (22) 

where r is the radius of the molecule and ri is the viscosity of the solution. 
For a solution containing ni of these large molecules per cubic centimeter, 
the total force acting on all these molecules in a column of solution of 
unit cross section and length 8x is 

df — 6Tr'nunidx (23) 

Now for a perfect solution p = UikTy so that the osmotic force acting on 
the same column of solution is 

-df = ^SxkT (24) 

ax 


For an actual solution we have 


- if. pt,kT + n. 

dx \ dNi dx 


T^i kT d In 72 dNi 
Vi dNi dx 



(25) 


where the second term is due to the change of activity coefficients with 
concentration. The factor ^ 1 /^ 2 , the ratio of partial molal volumes, 
arises from the fact that when one large molecule flows from its initial 
position, enough small molecules must then flow in to fill the resulting 
hole. Noting that dJVi = —dAr 2 , where Ni is the mole fraction and, since 

+ niVi _ ^ 

N 


(N being Avogadro's number here), that 
ni dNi/dx = Ni dni/dx 
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using the Duhem-Margules relation and simplifying, 


-df 


dni 

dx 


8xkT\ 1 + 


[■ 


^ jy-idlnyi . yiiV idln 


diVi f j dNt 

din7, (NtVi + N 






(26) 


dlnJV, AT^r* 

Equating expressions 23 and 26 and noting that unj == dtii/dt, we obtain 


dm _ ^^dn, _ _ dnj kT ( din71 Qi^ft + NxV^f\ 

df "■ da: da: 6>rr», V d In JV, ATjfl / 


(27) 


so that 


n « d In 71 {N,v, + 


For large molecules which are not spherical, the right-hand side of equa¬ 
tion 28 would have to be multiplied by another factor which would depend 
on the shape. For example, in the case of a prolate ellipsoid with the 
ratio of the short to the long axis a/6, this factor has been found to have 
the form (16) 

{a/bf^ 1 + Vl - (a/b)a 
VT^ (a/6)* a/h 

Diffusion, like every other rate process, has a specific rate constant 
which depends on the mechanism, i.e., the nature of the activated complex. 
Whether the mechanisms that lead to equations 20 and 28 are correct can 
be ascertained only by comparison with experiment. They should be com* 
pared with equation 19 for a unimolecular mechanism in the accompany¬ 
ing article by Steam and Eyring. With sufficient data, using these 
equations, it should be possible to choose definitely between a bimolecular 
and a unimolecular or some still more complicated mechanism. 


COMPABISON WITH EXPERIMENTAL DATA 

As a test of equation 9 we use the data of Cohen and Bruins (1) on the 
diffusion of tetrabromoethane in tetrachloroethane. They employed 
liquid mixtures up to a mole fraction of tetrabromoethane of 0.0783, and 
we have used this concentration for calculating the average values of the 
quantities occurring in equation 9. For these different quantities the 
following average values are chosen: For X and we take the weighted 
arithmetical mean of the values characteristic of the pure constituents, e.g., 

X.V. * Ni\i + 



988 ALLEN E. STEARN, EDWIN M. IRISH AND HENRY EYEING 


For m we use the reduced mass of the two passing molecules, and for 
AFvap. we use the geometric mean of the energies of vaporization of the 
two pure constituents, i.e., 

1 VAiBvap.i ^^VAFvap.,)* 

The heat of vaporization of tetrachloroethane is known, and, by assuming 
the same Trouton constant for tetrabromoethane, its theoretical heat of 
vaporization can be calculated at its boiling point, and from this can be 
obtained the corresponding energy of vaporization. For the temperature 
coefficient of the energy of vaporization we use the relation developed by 
Kincaid and Eyring (12) 


AEtJ ~ VsfV T 

where the subscripts B and T refer respectively to boiling point and the 
temperature of interest, and V is the molal volume. The results are 


TABLE 1 

Difuaton oj tetrabromoethane in tetrachloroethane 


T 

Xa X 10« 
(avebaqb) 

vy* X 10* 

(AVBHAan) 

AEvap. 

(avsbaob) 

DotMid. X 10* 

Doalod. X 10* 

RATIO 

Dobid./Doalod. 

273.44 

3.124 

6.45 

kg.-eal. 

9.852 

cm.a 8ec.“i 

0.351 

cm.a 

0.64 

0.55 

280,7 

3.140 

6.69 

9.784 

0.419 

0.77 

0.54 

288.0 

3.155 

6.92 

9.719 

0.497 

0 92 

0.54 

298.0 

3.174 

7.25 

9.624 

0.611 

1.14 

0.54 

308.61 

3.195 

7.59 

9.525 

0.741 

1.42 

0.52 

324.1 

3.230 

8.13 

9.383 

0.954 

1.89 

0.51 


given in table 1. Values of vy^ for the constituents were obtained with 
the use of equation 11, and from the results of Ewell and Eyring (2) and 
in agreement with Taylor (18), we take w = 3. 

The constancy of the ratio i9obsd./.Dcaiod. (column 7) shows that the 
calculated values of D reproduce the experimental temperature coefficient 
very closely. This ratio is less than unity, a fact which has been found 
generally true for diffusion in organic liquids, and which is commented on 
below. 

Aqueous diffusion 

Few data are available which suffice for obtaining satisfactory tempera¬ 
ture coefficients in the case of aqueous diffusion. There are numerous 
cases where the value of the diffusion coefficient is reported for two tem¬ 
peratures, usually differing by not much more than 10 degrees. For such 
cases it was not thoiight advisable to attempt to calculate values for n. 
However, the value of n for the viscous flow of water varies (2) from 2.0 
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at 0®C. to 2.8 at 50®C. For room temperatures, where most aqueous 
diffusion data have been obtained, n for water is about 2.4. The data of 
Scheffer and Scheffer (17) on the diffusion of mannite in water between 
0° and 70^C. were found to give a good straight line when log D was 
plotted against 1/T. Its slope gave AE^t. = 4047 cal., and this, with 
the average A^^vap. for water between 0 and 70°C., gives a value for n of 
2.41. We therefore use the value 2.4 for n for water. In table 2 we 
compare values of D calculated by means of equation 9 with the experi¬ 
mental values of Scheffer and Scheffer. Besides the average value of 
n = 2.4, which we use through the temperature range, we use the average 
AEvap, for water of 9700 cal. 

We have calculated D using both equation 11 and equation 12 to obtain 
the free volumes. As was pointed out above, these two equations seem 


TABLE 2 

Diffusion of mannite in water 


T 

-Dobed. X 10» 

CcUrf. X10« j 

(Vy^FROll EQUATION 12) 

XIO* 1 

(v/* FROM EQUATION 11) 


cm.* «€c."* 

cm.* «€C.“* 


cm.* aecr^ 


273.0 

0.26 

0.096 . 

2.7 

0.26 

1.0 

296 2 

0.61 

0 179 

3.4 

0.43 

1.4 

305 9 

0.75 

0.226 

3.3 

0.52 

1.4 

316.4 

0.97 

0.288 

3.4 

0.63 

1.5 

325.3 

1.14 

0.349 

3.3 

0.74 

1.5 

335 0 

1.35 

0.424 

3.2 

0.89 

1.5 

343 2 

1.56 

0.498 

3 1 

1.05 

1 5 


to give about the same values for most liquids, but not for water. In 
either case the constancy of the ratio Dobtd./-Denied, indicates how well the 
calculated values of D reproduce the temperature coefficient. In the case 
of this aqueous solution it will be seen that the ratio Dobed./Denied, is greater 
than 1. This is found to be generally true for diffusion in water, in con¬ 
trast to values less than 1 for diffusion in organic liquids. That this ratio 
differs consistently from unity is at least partly due to a factor in equa¬ 
tion 9 which has not been considered. For the case of a liquid with a 
structure such as water, rotation in the normal state will be hindered more 
strongly than in the activated state. Thus in cancelling out all but one 
term in the partition functions corresponding to the two states this factor 
is overlooked (13). This would lead to a calculated value too low. For 
liquids without such pronounced structure rotation may, on the other 
hand, be less hindered in the normal state, and the neglect of this factor 
would then lead to calculated results which are too high. 

In table 3 we have collected data for a variety of solutes diffusing in 
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water. These have been obtained from the Landolt-Bornstein TabeUent 
and suflSce for our purpose. For calculating the value of D we use the 


TABLE 3 

Data fot a variety of eolutes diffusing in water 


0T7B1TANCB 

COlfCSK- 

TBATION 

mm 

i>0b.(l. X10> 1 i>«M.X10> 
{Vf* PROM RQVATIOM 11) 

RATIO 

Dobsd./Doalod. 


per cent 

•A. 

cm.* ecc.”* 

cm.* eec.-* 


Methyl alcohol.. . . 

0.25 

291 

1.37 

0.386 

3.6 

Ethyl alcohol. 

0.25 

291 

1.10 

0.382 

3.0 

Propyl alcohol . . 

0.25 

291 

0.98 

0.346 

2.8 

Butyl alcohol. 

0.25 

291 

0.88 

0.343 

2.6 

Amyl alcohol. 

0.25 

291 

0.88 

0.338 

2.6 

Allyl alcohol .. . 

0.25 

291 

0.99 

0.353 

2.8 

Phenol . 

0.25 

291 

0.80 

0.338 

2.4 

Glycerol. 

0.125* 

293 

0.83 

0.36 

2.3 

Pyrogallol ... . 

0.25 

• 291 

0.66 

0.329 

2.0 

Resorcinol. 

0.125 

293 

0.76 

0.358 

2 1 

Hydroquinone 

0.25 

293 

0 77 

0.358 

2.2 

Saligenin . 

0.25* 

293 

0.72 

0.353 

2.0 

Urea. 

0.25* 

293 * 

1.18 

0.377 

3.1 

Acetamide. . .. 

0.26* 

293 

1.0 

0.377 

2.7 

Alloxan. 

0.125* 

293 

0.66 

0.350 

1.9 

Urethan. 

0.25 

291 

0.87 

0.338 

2.6 

Dicyandiamide .... 

0.2* 

293 

1.04 

0.365 

2.8 

Antipyrine. 

0.25 

291 

0.56 

0.324 

1.7 

Caffeine. 

0.05* 

293 

0.57 

0.343 

1.7 

Glucose. 

0.25 

291 

0.57 

0.324 

1.7 

Salicin . 

0.06* 

293 

0.49 

0.341 

1.5 

Maltose. 

0.25 

291 

0.41 

0.317 

1.3 

Lactose. 

0.25 

291 

0.41 

0.317 

1.3 

Sucrose . 

2.0 

293 

0.57 

0.338 

1.7 

Raffinose . 

0.25 

291 

0.64 

0.312 

2.0 

Acetylene. 


291 

1.76 

0.391 

4.5 

Carbon dioxide. 


291 

1.46 

0.367 

4.0 

Nitrogen. 


291 

1.62 

0.396 

4.1 

Hydrogen . 


291 

3.69 

1.04 

3.6 

Dyes (various)... . 

0.008* 

291 

0.17 to 0.58 

ca. 0.31 

0.5 to 1.9 

Proteins (various) .. 


280 to 290 

0.04 to 0.13 

ca, 0.3 

0.1 to 0.4 


* These concentrations are in moles per liter. 


properties of water itself (except for the reduced mass of the passing 
molecules) to substitute into equation 9, and we have compared our calcu* 
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lated values with experimental ones for the most dilute solutions for which 
data were available. 


Non-aqueoua diffusion 

In tables 4 and 6 are collected representative data for non-aqueous 
diffusion. Table 4 shows diffusion behavior for several solutes diffusing in 
the same solvent, while table 5 has data for the same solute diffusing in 


TABLE 4 
Diffusion in benzene 
T - 280.6°A. 


■OLHtB 


DmM. X 10» 
(■QUATION 9) 

BA«0 

l>olMd./X>MM. 

Phenyl bromide. 

cm.* Me.”* 

1.45 

cm.* ••c."* 

3.39 

■■ 

Phenyl iodide. 

1.35 

3.27 


o-Dichlorobenzene. 

1.62 

3.44 


m-Dichlorobensene. 

1.57 

3.44 

■IH 

/^-Dichlorobensene. 

1.42 

3.44 


1,2,4-Trichloroben£ene . 

1.34 

3.33 

■SB 

1,2,4,5-Tetraohlorobenz6ne ... . 

1.24 

3.27 


Hexachlorobenzene . 

1.02 

3.13 

BIB 

Bromocy clohexane. 

1.38 

3.38 

BIB 

Naphthalene . 

1.19 

3.52 


Phenanthrene. 

0.95 

3.34 

0.29 

a-Bromonaphthalene. 

1.07 

3.26 

0.33 

a-Bromophenanthrene . 

0.95 

3.17 

0.30 

Methyl iodide . 

2.06 

3.46 

0.59 

Ethyl- iodide. 

1.77 

3.39 

0.53 

n-Propyl bromide. 

1.71 

3.55 

0.48 

n-Propyl iodide. 

1.67 

3.36 

0.50 

»-Butyl bromide . 

1.68 

3.48 1 

0.48 

n-Butyl iodide. 

1.53 

3.31 


n-Amyl bromide. 

1.42 

3.42 

BIB 

n-Amyl iodide. 

1.41 

3.28 

BIB 

Octyl bromide. 

1.17 

3.29 

^BB 

Ethylene chloride. 

1.77 

3.71 


Iodoform. 

1.12 

3.04 


Carbon tetrachloride. 

1.51 

3.40 


Carbon tetrabromide. 

1.12 

3.08 



several solvents. For table 4 the common solvent was benzene, and since 
the solutions were dilute we use the properties of benzene to obtain the 
values for substituting in equation 9 (except reduced mass). For viscous 
flow of benzene Ewell and Eyring (2) find n » 3, which value we use in 
equation 9. v/'* is the value given by equation 12. 

In table 6 we also use the properties of the pure solvents to obtain the 
values for substituting in equation 9, using equation 11 to obtain the 
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values of v)'*. In treating the data included in table 5, the choice of n 
presents a problem. We have where possible used the value of n found 
by Ewell and Eyring to hold for the viscous flow of the solvent in question. 


TABLE 5 


•OLVailT 

Amp. 

n 

D<*«LXtO> 

D«d«I.X10> 

BATXO 

DmJ 

Dmlxid. 

Diffusion of bromobenzene in varigus solvents. T « 

280.5‘*A. 



kg-eal. 


cm.* 

cm.* ccc.'* 


Ether. 

6.16 

4* 

3.50 

16.5 

0.21 

Benzene. 

7.69 

3* 

1.41 

3.1 

0,45 

Toluene. 

8.5 

4* 

1.59 

7.4 

0.22 

Cyclohexane. 

7.59 

3* 

1.16 

3.34 

0.34 

Hexane. 

7.0 

4* 

2.59 

13.26 

0.20 

m-Xylene . 

9.77 

4 

1.52 

4.90 

0.31 

m-Cymene. 

10.3 

4 

1.18 

4.09 

0.29 


Diffusion of bromoform in various solvents. T * 293®A. 


Acetone . 

mgm 

4* 


mss 

0.23 

Ether. 

■M 

4* 



0.20 

Benzene . . 

7.46 

3* 

1.69 

3.71 

0.45 

Methyl alcohol ... 

8.44 

3 

1.93 

2.64 

0.71 

Ethyl alcohol. 

9.97 

3 

0.97 

1.25 

0.77 

Propyl alcohol . 

9.99 

3 

0.77 

1.22 

0.63 

Amyl alcohol 

10.6 

3 

0.52 

0.94 

0.56 

Diffusion of iodine 

in various solvents. 

T = 293°A. 


Dibromoethane. 

8.25 

3.6* 

0.83 

3.82 

0.22 

Benzene. 

7.46 

3* 

1.93 

3.79 

0.50 

Carbon tetrachloride. 

8.0 

3* 

1.37 

2.39 

0.59 

Toluene. 

7.99 

4* 

1.96 

9.26 

0.21 

Chloroform . 

7.08 

4* 

2.12 

10.08 

0.21 

Ethyl acetate .. . 

7.78 

4* 

2.15 

9.79 

0.22 

Heptane . 

7.59 

4* 

2.77 

11.39 

0.24 

Carbon disulfide . 

6.60 

4* 

3.12 

12.41 

0.25 

m-Xylene. 

8.80 

4 

1.68 

7.23 

0.23 

Isoamyl acetate. 

9.00 

4 

1.24 

6.75 

0.19 

Bromobenzene. 

8.80 

3 

1.20 

1.71 

0.71 


* Values found by Ewell and Eyring. 


Such values are marked in the table with an asterisk. Values used for 
other solvents may be somewhat arbitrary, though they have been assigned 
values which are considered probable from analogy to chemically related 
liquids for which these values of n are known. 
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Effect of conceniratum 


We compare available data with results calculated from a modification 
of equation 20. Besides the “gradient” effect on diffusion covered by the 
factor 



dln^f \ 
Nt din Ni) 


there is a concentration effect on Af J due to the change in A&vap. with 
concentration. If we arbitrarily take a solution dilute with re.spect to 
constituent 2 as a standard or reference state, for which we can use 


TABLE 6 


Ratio of the two limiting diffusion rates of the dilute constituents in a binary soliUion 


CONflTITUSNT 1 

COHBWTUBNT 2 

(bquatiom 30) 

(OBBBBYBD) 

Ethyl acetate 

Ethyl benzoate 

0.46 

0.48 

Acetone 

Ethyl benzoate 

0.41 

0.42 

Ethyl benzoate 

Nitrobenzene 

0.66 

0.79 

Acetone 

Nitrobenzene 

0.26 

0.30 

Ethyl acetate 

Nitrobenzene 

0.30 

0.34 

Benzene 

Bromobenzene 

0.68 

0.72 

Benzene 

N itrobenzenc 

0.26 

0.44 

Benzene 

Carbon tetrachloride 

1.1 

1.0 


, Xi , and for the reference value of the diffusion coefficient, 
we would then have 




—t A Jf Jf vap, j ] 


) 


X2 

Aavo. 

"xr 


vyf 


(29) 


In the limiting case we may compare D for the diffusion of constituent 1 
in practically pure constituent 2 with that for the diffusion of constituent 2 
in practically pure constituent 1. Equation 29 then becomes 


exp 


(- 


AE^ 


vap.j 


AEy 


nRT 


/x! 


rl/8 




(30) 


In table 6 values of the ratio Di_s/Z) 2 -.i from diffusion data, obtained for 
several non-aqueous liquid pairs from the Landolt-Bomstein TabeUen, are 
compared with values of this ratio calculated from equation 30. We take 
n = 3 in all cases. 

In order to test equation 29 it is necessary to have partial-pressure data 
or their equivalent for obtaining activity coeflBcients. Available data 
permit only rough average values of Di/Dnt. through finite, and sometimes 
fairly wide, composition ranges. In figure 2 we plot Di/Dnt. calculated 
from equation 29 against ^2 for several liquid pairs. The plot is never 
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extended beyond Nt ^ 0.5, in order to avoid multiplying the errors in yi 
too much for ranall values of Nt (and large values of l/ATt). These oaku- 



Fio. 2. Comparison of experimental values of Di/Dnt. (circles) with those calcu¬ 
lated from equation 20, through composition ranges of • 0 to fft — O.S (heavy 
horixontal straight lines) for the following liquid pairs: 


cumTs 

oommTmDMT 1 

coNfnruaMT 2 

A. 

Propyl alcohol 

Water 

B. 

Water 

Propyl alcohol 

C. 

Water 

Methyl alcohol 

D. 

Methyl alcohol 

Water 

E. 

Carbon tetrachloride 

Nitrobenzene 

F. 

Water 

Ethyl alcohol 

G. 

Ethyl alcohol 

Water 

H. 

Benxene 

Carbon tetrachloride 

I. 

Carbon tetrachloride 

Benzene 


lated values are compared with experimmital values of Di/D„t. d>tiuned 
from measurements of Geriach (7), of Mttnter (15), and tjf Franke (6). 
Partial-pressure data for the system carbon tetraohloride-nitrobensene 
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were obtained from the measurements of Linebarger (14), and for the other 
systems from the IrUemational Critical Tables, The average calculated 
values of Di/D,ot, are shown in the figure by straight lines covering the 
particular composition range for which they were calculated. The experi¬ 
mental values are denoted by circles. We have arbitrarily assumed perfect 
solutions for all compositions within 1 mole per cent of a pure constituent, 
an assumption which is apparently not true in some of the cases. The 
average values of X®, and A£vap. were calculated as described earlier 
in this paper, and for d In 7 /d In N we used the mean of the value of this 
coefficient for each constituent in the range covered. In spite, however, 
of the incompleteness of the data and the necessary crudeness of handling, 
the obvious correlations in figure 2 between the trends of the experimental 
points and the calculated averages of Di/Dnf. indicate the general sound¬ 
ness of equation 29. 

James, Hollingshead, and Gordon ( 11 ) have recently published results 
for the diffusion of hydrochloric acid in water which agree very well with a 
formula due to Gordon ( 8 ). His formula has the same dependence on the 
gradient in activity as our own in the range of low mole fractions of hydro¬ 
chloric acid for which agreement is found. Further precise experimental 
diffusion measurements covering the temperature variations will make it 
possible to assign diffusion mechanisms from a comparison of the observed 
rates with those calculated from the absolute rate theory using only 
thermodynamic data. 
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While attempting to obtain a dimensional, molecular picture of the 
living material of organisms, we found ourselves involved in the inter¬ 
relationships which occur in protein-water mixtures. The water content 
of protoplasm in an actively growing period of the organism is about 
86 per cent, and the protein content about 10 per cent; in a dormant 
period the water is greatly reduced, often to one-third or even less. This 
percentage of about 30 to 35 per cent water is also a critical region, experi¬ 
mentally, in the water content of many protein-water mixtures. In¬ 
vestigations of protein hydration have been carried out, to a great extent, 
with gelatin-water mixtures which have furnished a wealth of experiment 
and suggestions concerning these relations (38, 39, 40). Confirmation of 
these is beginning to come out of recent correlative investigations, among 
which infrared absorption and x-ray studies are playing an important 
part. When evidence from these physical methods is combined with that 
from chemical studies, a fairly complete story of gelatin-water relations 
is obtained. 

The gelatin molecule is a long polypeptide chain and, as such, may be 
considered as fairly typical of the primary structure of the simple proteins 
(41). A small portion of a typical protein chain model built to scale, 
using known interatomic distances and bond angles (46), is reproduced 
in figure 1. 

It has been suggested (38, 39, 40) that water will be held only by the 
constituent groups which contain oxygen and nitrogen atoms. Water 
relation studies by various methods, such as heat of imbibition (23, 44), 
imbibition pressure (21), freezing point determinations and expansion on 
freezing (4, 31, 43, 45), osmotic pressure and diffusion measurements 
(35, 36), and pressure-concentration curves (39), indicate a restriction in 
the freedom of motion of the water molecules when less than about 35 
per cent water is present in the mixture. It seemed reasonable to suppose 
that the number of water molecules present in this 35 per cent mixture 
should be approximately equal to the number predicted when the present 
knowledge of the water molecule (9), of the nature of the oxygen and 
nitrogen atoms, and of the hydrogen bridge (46) are correlated with recent 
^mino acid analyses of gelatin. 

^^resented at the Sixteenth Colloid Symposium, held at Stanford University, 
Cal||oniia, July 6-8, 1989. 
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Computations of this nature, but more general in character, have been 
attempted (39) without sufficient experimental support concerning the 
details of water-protein coordination. It is now possible to take into 
consideration ref)orts on investigations which show not only the numerical 
relationship between the water molecules and the hydrophilic groups, but 
also the spatial relations and the manner of bonding. 

In order to estimate the number of water molecules whi(‘h may be co¬ 
ordinated with a gelatin molecule, it is necessary to consider the recent 
model of the water molecule proposed by Bernal and Fowler (9) as well 
as the re(‘.ent studies on the chemical and physical structure of gelatin. 
The water molecule may be thought of as a spherical particile in which 
the oxygen and hydrogen nuclei lie in a plants passing through the center 



Fkj. ]. A portion of a protein chain model showing twelve residues of various 
sorts attached to the zig-zag backbone indicated by the horizontal lines. The 
oxygen atoms have a dot in the center, the hydrogen atoms are small white balls, 
the carbon atoms are black, and the nitrogen atoms are slightly lighter and have 
three bonds, 

of the molecule, as indicated in the diagrams of figure 2, A and B. The 
oxygen atom has two negative residual charges (46) indicated by E and E' 
in figure 2, A. These two negative charges and the two hydrogen protons 
are distributed at the four corners of a tetrahedron; each charge may be 
active in cocirdinating another water molecule, as shown in figure 4. 

X-ray structun' analyses of various organic crystals have shown that 
this tetrahedral distribution of residual charges is characteristic of the 
oxygen and also of the nitrogen atom, especially where accompanying 
hydrogens o(‘cur (I, 5, 7, 11, 24, 25, 46, 52). These charges may be asso¬ 
ciated with the formation of a hydrogen bridge (9, 30, 46), as indicated 
in the diagram in figure 3, where the hydrogen proton of one water mole¬ 
cule is shown displaced towards the negative residual charge of a second 
water molecule (9), thus forming the hydrogen bridge. The molecular 
centers approach to about 2.7 A. A water polymer consisting of four 
water molecules bridged in this manner to a fifth is shown in figure 4. 





Fia. 2. (A) Diagram of a water molecule showing the plane made by the oxygen 
and hydrogen nuclei in relation to the two residual negative charges indicated by 
E and E' (9); (B) diagram showing the dimensional relationship of the oxygen 
and hydrogen nuclei. 



Fig. 3. Diagram illustrating the formation of a hydrogen bridge between two 
water molecules (9). 



Fig. 4. Illustrating the coordination of four water molecules to a central molecule 
through hydrogen bridges, as in ice crystals. This also illustrates the tetrahedral 
nature of the oxygen atom (9). 
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Hydration centers on the protein chain are associated with the various 
atomic groups in which these two atoms, oxygen and nitrogen, occur (39). 
Many types of experimental evidence, such as x-ray analyses of crystalline 
hydrates (25, 47, 61) and studies of solubility curves (29) and of the heat 
and entropy of hydration of various compounds (10), have indicated the 
coordination of water with these groups (30, 37). The number of water 
molecules that may be coordinated in this manner with the various 
hydrophilic groups of the protein is given in table 1, where both experi¬ 
mental and theoretical amounts are presented. 

It has been convenient to consider these hydration centers on the 
protein chain as separated into two groups,—those on the backbone and 
those on the ends of the amino acid residues. The total number per 
molecule obviously depends upon the length of the protein chain; and 

TABLE 1 


Water molecules coordinated with hydrophilic groups 


RYOROPKIUC QROUra 

NUMBKR OF WATER 
MOLBCOLBS 

(tmkorbtical) 

KUMBKR OF WATBR 
MOLBCULBS 

(bxpbbimbntal) 

rbfbrbncbs 

(bxprrimbntal) 

HaO. . 

4 

4 

(0) 

OH . . 

3 

3 

(10) 

-COOH .... 

54 

4 

(30, 26) 

— 0 . . .. . 

2 

2 

(10) 

-NHa . . 

3 

3 

(10) 

^NH ... 

2 



>- . 

1 




since the length for gelatin is known to be variable, an arbitrary choice of 
288 residues is used here. In accordance with this, the backbone con¬ 
tains 288 double-bonded oxygens and the same number of nitrogen atoms, 
in contrast to 94 residues which have polar end groups. The number of 
potentially available coordination points supplied by the polar groups of 
the side chains is given in table 2 as 348. 

Both types of hydration centers on the backbone, =0 and ^NH, are 

potentially capable of forming hydrogen bridges to two water molecules, 
but when space restrictions, resulting from the close approach of atoms 
in the construction of the chain, are taken into consideration, only one 
for each group would be a reasonable estimate. Furthermore, in this 
firm, almost solid gel having about 65 per cent protein and 36 per cent 
water even this degree of hydration would probably be too great, since a 
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oertiun amount of protein-to-piutein oohoBion through biidgeB .between 
yO^ and ^NH groups ( 18 ) is to be expected. An estimate erf about 


450 to 500 water molecules coordinated to the backbone has been made. 
This number is a rather crude estimate which standing alone would have 
relatively little value but, when supplemented by x-ray and infrared 
interpretations, becomes more significant. The total number of co- 


TABLE 2 

Compotilion of gelatin 


AMIHO AaO 

OBAMS PBB 

100 a, DBT 
OBLATtW 

BBTBRBNCB j 

NUMBBB 
or AMtHO 
ACIP 

RBMBOM* 

MOIUIBB 
or «TI>BA* 
noH 
CBMrBBB 
OM MOB 
CBAtllB 

MimiBBB 

or ooamm- 

MATS 
WATSB 
MOtiaCITUHl 
OB MDB 

cbahib 

Glycine. 

25.5 

(8, 13) 

90 { 



Alanine. 

8.7 

(13) 

26 



Leucine. 

7.1 

(13) 

14 1 



Aspartic acid. 

8.4 

(18) 

mm 

7 

28 

Glutamic acid. 

5.8 

(13) 


11 

44 

Serine. 

0.4 

(13) 


1 

3 

Proline. 

19.7 

(8) 




Hydroxyproline. . 

14.4 

(8, 13) 


29 

87 

Phenylalanine. 

1.4 

(13) 




Tyrosine. 

0.01 

(13) 




Hydroxylysine. 

0.3 

(48) 

<1 



Cystine. 

0.17 

(42) 

<1 



Arginine . 

8.2 

(13) 

12 

12 

84 

Histidine . 

2.94 

(60) 

5 

5 

15 

Lysine. 

5.92 

(3, 60) 

12 

12 

36 

Not accounted forf. 

16.14 


34 

17 

51 

Total. 

120.08 


1 288 

94 

348 


* The number of reeiduea ie based on a ohiun molecule consisting of 288 residues. 
Average residue weight is equal to 93, thus making the average molecular weight 
27,000. 

t The undetermined portion was thought to consist of amino acids with higher 
molecular weights, and about half of them to contain hydrophilic groups (3,13). 


ordinated water molecules, when reasonable restrictions are taken into 
account, is then approximately 800 to 850 (39). This is in fairly good 
numerical agreement with the amount present in a 33 per cent water 
mixture in which the behavior, as indicated by the physical-irfiemicid 
methods referred to previously, shows that the water is bound to the 
protein. This amount, computed <nt the basis of a chain molecule of 
288 residues with a molecular weif^t Of 27,000, is about 760 water 
nurfecules. 
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The assumption that both the backbone and the*, polar residues become 
hydrated is strengthened by x-ray diffraction patterns which were made 
from gelatin containing various percentages of water. The long chain¬ 
like nature of the gelatin molecule has been established by studies of 
diffraction patterns from various forms of air-dried g(‘latin, including 
powdered material and stretched films (27, 28, 32, 49). The number of 
diffraction s|:)ots is too small for a clean-cut decision concerning the lattice 
constants, but, when studied in connection with other similar materials, 
a^reasonable inter])retation may be made. The molecule appears to be a 
long chain with a repetition distance of about 2.8 A. (040), a width of 
about 11 A. (200), and a thickness of about 4.3 A. (001). The repetition 
distance is th(^ portion of the ])ackbone allotted to each residue' (see figure 1). 
In the fully extended protein chain it is about 3.5 A., but in gelatin the 



Fig. 5. End view of a model of a protein chain, reproduced to show the thickness 
of the chain, vertically 4.5 A. 


distortions caused by th(^ large number of proline n'sidiies probably 
account for the low value of 2.8 A. The width is an average of various 
side-chain lengths, as illustrated in figure 1. The thickness is shown in 
figure 5, where an end view of the model is reproduced. 

When water is allowed to penetrate a gelatin mass, the x-ray pattern 
changes considerably, and it is important to notice that the changes 
depend upon the amount of water present. Two reports have been mad(' 
showing these changes (27, 32). Their values are in reasonable agree¬ 
ment with each other. One table of values, somewhat simplified, is 
quoted here (table 3). The repetition distance along the chain, 2.8 A., 
remains the same regardless of water content, indicating that the chain 
remains unbroken. The side-chain spacing undergoes a rapid increase 
with the rise in the amount of water present, and the backbone spacing, 
4.3 A., apparently is altered wdien the amount of water is greater than 
about 15 per cent moisture, as in the air-dry condition. 

The explanation of these changes becomes comprehensible when tJie 
spacings are considered in connection with the number of water molecules 




1002 


O. If. SPONSLER, JEAN D. BATH, AND J. W. ELLIS 


present. At 0.2 per cent moisture there would be only 4 or 5 water 
molecules present for each protein chain. The spacings given in this 
column in table 3 may be considered those for desiccated gelatin. 

When 15 per cent water is present, the side-chain distance is increased 
by about 1 A., and a diagonal, 7.5 A., which is associated with the 11.3 A. 
lattice spacing, appears, but no other change takes place. The number 
of water molecules, at 15 per cent, is about 260 for each protein molecule. 
Tlie hydrophilic centers at the ends of the side chains have a coordination 
capacity of about 350 water molecules. It seems reasonable to think 
that the 260 water molecules present have to a very large extent become 
attached to these hydration centers and have caused the chains to spread 
from 10.4 to 11.3 A., since there is no change in backbone spacing. 

When 33 per cent water is present, the number of water molecules is 
increased to 750, enough to supply nearly all available hydration centers. 


TABLE 3 

Molecular spacings in hydrated powdered gelatin from x-ray diffraction patterns* 


8PAC1NOS 

0.2% 

1 15% 1 

PBRCBNTAOE OP WATER 

1 33% 1 71% j 78% 

1 81% 

1 93% 



BPACINGS IN 

■L 



Side chain (width) 

10.4 

11.3 

13.0 

17.1 




Diagonal 


7.5 

7.5 


7.5 

7.5 

7.2 

Repetition (along backbone) 

2.8 

2.8 

2.8 


2.8 

2.8 


Backbone (thickness) 

4.4 

4.3 






Backbone and w^ater (alternate 








layers) 



3.7 


3.6 

3.3 

3.3 


* Modified slightly from reference 27. 


those of the backbone as well as those of the side chains. This amount 
should spread the backbones 2.5 A. to 3.0 A. farther apart, about the 
thickness of a water molecule; that is, the backbone spacing should increase 
from 4.3 A. to about 7 A. It is probable that not all of the possible co¬ 
ordination points are satisfied, that some of the 4.3 A. spacings arc not 
disturbed. Three sets of backbone spacings then must occur: one from 
the undisturbed protein chains, 4.3 A., and two from the protein chains 
interleaved with water layers. The latter give two spacings, one about 
7.0 A., and the other the half distance of 3.5 A. The 3.5 A. and 4.3 A. 
spacings may be expected to fuse into a single ring at about 3.7 A., and the 
7.0 A. to fuse with the 7.5 diagonal which still remains, as shown in table 3. 
The x-ray patterns are not sharply outlined, and exactness of spacing 
measurement is not very great. In addition to these changes lateral 
tensions have been diminished (2), and the side-chain spacing is increased 
to 13 A. 
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Increasing amonnts of water greater than 35 per cent make the side- 
chain spacings larger, until the layers become too distorted to form diffrac¬ 
tion patterns. Despite the disturbance of the side-chain distances, 
protein-water-protein backbone spacings of 3.5 and 7.0 A. remain along 
with the repetition distance of 2.8 A. in the chain, even up to a water 
content of 90 per cent. Space does not permit elaboration of further 
minor points which also fit into this interpretation. 

HVORATION or GELATIN 


CXXX^XXXD OOOC^DOOOt 

ooocSxxDo oooc&ooo^ Q o 

X -10.4 A- ? OOOCgDOOO O O OOOCgXXJOj- 

o o I 

® OOOC^XXX) O O oocx^xiocJ- 

OOOC^DOOO O OOO^XXDOt — 

ooocgxxx) o ooocSxjoo^ 

lb--iwA— 


-13.0 A- 


Fia. 6. Diagrams to show the increase in intermolecular spacings for A, desic¬ 
cated gelatin; B, air dry, 15 per cent water; C, 35 per cent water. The large circles 
represent water molecules; the groups of small circles represent end views of protein 
chains. 


The increase in intermolecular distances with increase in water is shown 
sdiematically in figure 6, where diagram A represents an end view of four 
protein chains with no water present; B represents the air-diy gelatin, 
containing 15 per cent water, with the water molecules between the side 
chains only; and C represents the gelatin, containing 35 per cent water, 
with the water between the backbones as well as between the side chains.^ 
The third part of this discussion concerns the more direct evidence 
for the manner of attachment of the water molecules to the protein chain. 

* A ■imilar spreading molecular layers by insertion of water molecules has been 
reported by Sir William Bragg in eonneetion with plasticity of clays, in a lecture at 
the Royal Institudon of Great Britain, November, 1937. 



1004 


O. L. SPONSLER, JEAN D. BATH, AND J. W. ELLIS 


It has been shown by reports from numerous investigations that infrared 
radiation may be absorbed by OH, NH, CH, and O=«0 groups (34). The 
absorption spectra from a high-dispersion quartz spectrograph, such as 
used in the work discussed here (14), consist of definite and specific bands 
which have been interpreted as caused primarily by vibrations within 
these oscillators. These vibrations may be affected by adjacent atomic 
groups to such an extent that the type of disturbance or perturbation thus 
produced may be interpreted from the characteristics of the absorption 
bands (20, 22). From these and other studies in which crystal structure 
and Raman spectra (12) play a part, the concept of the hydrogen bridge 
has been fairly well established. Among the substances which have been 
investigated arc water (6, 12), alcohols (19, 33), acids (26), and, more 
specifically, sucrose (16), pentaerythritol (17), cellulose (18), and the 
proteins; silk (18), gelatin (15), and zinc insulinate (18). 

Concerning gelatin, it was thought that if the water molecules were 
bridged to the oxygen and nitrogen atoms of the protein, a comparison 
of the spectrum from oven-dried gelatin with that from gelatin containing 
35 per cent water would reveal something concerning the nature of the 
water bonding which is suggested by the physical-chemical methods 
mentioned earlier. For details of this infrared work the original publica¬ 
tion must be consulted (15); here we present merely the conclusions. 

These studies included a comparison of the absorption bands of water 
in the gelatin mixture with those of an equal amount of liquid water. 
When water molecules are present as individuals in a non-polar solvent, 
absorption bands may be observed at 1.4 m (v^ + and at 1.9 /u (vir + y«). 
Corresponding bands from liquid water alone, however, are very much 
broader and are shifted considerably in the direction of the longer wave 
lengths. This is due to the perturbing effects of the closely attached, 
coordinated molecules of the water polymers in which the molecules are 
presumed to be attached to one another through their hydrogens (12). 
The amount of perturbation due to the number of ways by which the 
vibrations may be affected as well as the nature of the restriction of 
vibration is shown by the character of the band. 

Turning now to the gelatin-water mixture in which 35 per cent water 
is present, the 1.4 n band, a combination of the fundamental symmetric 
and asymmetric valence vibrations for water, is seen to be shifted slightly 
towards the longer wave lengths and is not as broad as when obtained 
from water alone. The removal of the short-wave-length portion which 
is associated with the single, vapor-like molecules is interpreted as showing 
that practically all of the water molecules present are bound; that is, 
that few, if any, are free as individuals in the mixture among the protein 
molecules. The diminished intensity on the long-wave-length side of the 
band indicates fewer ways of perturbation being effective than in liquid 
water, inasmuch as this long-wave-length portion of the band is identified 
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with the coordination of water molecules to three or four coordination 
points (12). The 1.9 m band (v, + obtained from this gelatin-water 
mixture has both the high and low frequency sides diminished in a similar 
manner. This again is considered as indicating a binding of the water 
molecules. Two smaller, less conspicuous bands at 1.79 + vs + vr) 

and 1.35 n {vc + Vw + »'«), involve restricted, oscillatory rotation about the 
symmetry axis of the water molecule and are interpreted as indicating that 
the water molecules are not vapor-like and arc therefore bound. 

Further confirmation is found in a comparison of the spectrum of the 
desiccated gelatin with that of the wet gelatin. Despite the structural 
complexity of the gelatin molecule it becomes relatively simple, from the 
point of view of infrared absorption, when considered as consisting of 
NH, CH, and C=0 oscillators. One of the principal changes to be noted 
upon addition of water to the gelatin is the diminished intensity of the 
NH absorption bands. The intensity of the first overtone valence N—H 
band at 1.50 m is greatly diminished by the addition of water molecules; 
the combination deformation-valence N—H bands at 2.05 m and 2.18 ju are 
also reduced, but somewhat less than in the first case. A probable ex¬ 
planation is that some of the water molecules are bound to the NH and 
NH 2 groups through hydrogen bridges and that the hydrogen atoms of the 
bridges are being furnished by the nitrogen groups of the protein. Since 
by far the greater number of NH groups are those of the backbone, it 
seems probable that the diminished intensity of the NH bands is produced 
to a great extent by the binding of the water molecules through the hydro¬ 
gen furnished by the NH groups of the backbone. This gives additional 
confirmation to the x-ray interpretation of the presence of a layer of water 
molecules between the backbones of the protein chains. 

SUMMARY 

Three lines of investigation are brought to bear on gelatin hydration, 
(a) Agreement is shown between the number of coordinate water molecules 
potentially possible in a 35 per cent watcr-65 per cent i)rotein system and 
the number computed to be present. (6) The location and distribution 
of the water molecules on the gelatin chain molecule is shown by x-ray 
analyses, (c) The manner in which the water molecules arc bound to the 
protein chain is shown by infrared absorption studies to be in all probability 
through hydrogen bridges. 
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The empirical equation advanced by Macleod (6) expressing the connec¬ 
tion between the surface tension y, and the densities D and d of the liquid 
and saturated vapor, respectively, takes the form 

7 - C(D -- dY (1) 

where C is a characteristic constant for the substance concerned. The 
elaborate mathematical investigation of Fowler (3) suggests that this 
constant C is a function of the critical temperature, and this view has also 
been advanced by Lewis (5) for the case of chemically related series. 
Ferguson and Kennedy (2) have also demonstrated that the parachor P 
is given by the equation 

P = = ATM^VT (2) 


where the terms have their usual significance. 

It is a well-known fact that for many liquids, e.g., glycerol, supercooling 
is possible over an extensive temperature range, and if this process be 
carried down to the absolute zero, we may write 70 = C{D^Y, where 70 
and Do represent the surface tension and density at the absolute zero. 

Cailletet and Mathias (1) have shown that the mean values of the density 
of any substance in the state of liquid and saturated vapor are linear func¬ 
tions of the temperature, and they suggest the equation 

(D + d)/2 = DAI + a(l - T/Tc)] (3) 

which has been discussed by Young (12) and Timmermans (10) and is 
widely employed for the accurate determination of the critical volume. 

If extrapolation with this equation is also possible to the absolute zero, 
the critical density Dc is given by 

Do =* 2D.(1 + a) (4) 

since the vapor density, do, is negligible at this temperature. Eliminating 
the term D^ from equations 3 and 4 gives the following expression for Do: 

_ (1 + 

(i + a)-ar/r; 


(6) 
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Substitution of this expression in the Macleod equation and elimination 
of C gives the final result 

.M* _ . 1 / 4 1(1 + a) - or/rj(D - d) 

— (1 +«)( 1 )+ d) — ® 

Comparison of equations 1 and 6 indicates that the Macleod constant is a 
function of the reduced temperature, Tr, the sum of the liquid and vapor 
densities, the surface tension 70 , and the constant of Cailletet and 
Mathias. It has been shown by Mathias (7) that a is practically unity 
and he states that *‘On aura la density critique, k un ou deux centifemes prfes 
en g 6 n 6 ral, en appliquant la formule*’ 


De = (2) + d)/2(2 - T/Te) (7) 


which is equation 3 for the rectilinear diameter with the condition o = 1 
incorporated. Young and Thomas (13) have suggested that the slight 
variation of the factor a is due to variations in the molecular weight and 
structure of the molecule, and their results for ten normal esters give strong 
evidence in support of this possibility. If o = 1 , we derive the formula 


..1/4 _ ..x/4 (2T. - TXD - d) 
^ 2Tc{D + d) 


( 8 ) 


which expresses the variation of surface tension from absolute zero to the 
critical temperature. 

This latter equation undergoes further simplification when d is small, 
i.e., 


yll* = yl'* (2Tc - T)/2To (9) 

where 70 is invariant. Table 1 gives the calculated values for chloroform 
(Tc = 536.1®K) in the temperature range where the vapor density is 
negligible. Where d is not small, e.g., at 77.5®C., the more correct equa¬ 
tions (8 or 6 ) should be used, and divergence from the simplified equation 
is observable. 

Mathias (7) has given a comprehensive table of a values which can be 
used for the more exact calculations of surface tensions. 

The values of 70 computed in this way should afford an excellent means 
of determining relative internal pressures, for at the absolute zero the 
intrinsic pressure due to molecular agitation will have vanished for all 
liquids, the remaining forces being wholly cohesional. Considering the 
thermodynamical equation 


E ^ Tdy/dT 


(10) 
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it is apparent that the total surface energy, J?, will be equal to 70 at the 
absolute zero, and the internal pressure is then calculable from the general 
formula 


Internal pressure = Const. X 

where V is the molar volume. The essential point is to derive an equation 
whose extrapolation to low temperatures is justifiable, and for that reason 
equation 6 derived in this paper is now compared with other equations 
which are known to hold up to the critical temperature. 

TABLE 1 


Calculated and observed values of y for chloroform 
7^ «■ 97.45 dynes per centimeter; 7 « 3.142(27’ r - T)/2Te 


TlMPaBATITBB 

^ob«d. 

'located. 

•c. 



10 

28.60 

28.63 

20 

27.24 

27.20 

77.5 

19.40 

20.01 


The Katayama (4) extension of the Eotvos equation 

y[M/{D - = k{Tc - T) ( 11 ) 

is known to represent accurately results over this range, and if 7 is elimi¬ 
nated by combination with the Macleod equation we have 

(Z) - = k{Tc - T)/CM^i^ 

which is the van der Waals type of equation proposed by Verschaffelt (11). 
From this equation it is simple to deduce that 

7 = C(Z) - dy = kff^iTe ~ (i2) 

which was employed by Sugden ( 8 ) in the form 

7 - 7*(1 - Trr^ ( 13 ) 

where 7 # is the surface tension at absolute zero. 

This relation has been shown to represent with accuracy the variation of 
surface tension with temperature. Table 2 compares the experimental 
figures with 7 b calculated by Sugden and with 7 l calculated by means of 
of equation 6. The data refer to benzene, Tc = 561.5®, a — 0.9359, and 
a mean value of 70 equal to 92.72 dynes per centimeter. The liquid and 
vapor densities are those recorded in the International Critical Tables. 
It is apparent that both equations 6 and 13 represent the observed values 
over the entire range ip the critical temperature. The literature affords 
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lOiO 

iiuuffi<^t <kta to test which of these eqoations would moiu accutsteliJr 
represent results for the surface toudon at vety low tempemtures and which 
could thus be used to determine yt by extrapolation. At low tmapenr 
tures, equation 6 may be employed in tiie form 

which gives the surface tension as a linear function of f(T) raised to the 
fourth power. It is probable that the extrapolation of equations 14 and 
13 will yield very different vtdues for the surface tension of the supercooled 

TABLE 2 


Comparison of experimental values of y for benzene with calculated by Sugden and 
calculated by means of equation 6 


vwMnau!svmm< 

D 

d 




•c. 

20 

0.8770 

Very 

28.88 

28.01 

28.88 

30 

0.8676 

small 

27.68 

27.65 


00 

0.8041 

0.0036 

20.13 

20.01 

20.05 

180 

0.6006 

0.0249 

0.56 

0.62 

9.64 

270 

0.4984 

0.1287 

1.05 

0.90 

1.06 

280 

0.4514 

0.1660 

0.36 

0.33 

0.37 

288.6 

0.3045 

0.3045 

0.00 

0.00 

0.00 


TABLE 3 


Comparison of y^ values with the y^ values 


•VBSfAMCB 

r« 

o 

D 

! 

T. 


Benzene. 

661.6 

0.0359 

1.171 

70.26 

02.72 

Ether. 

466.9 

0.9600 

1.029 

55.06 

74.47 

Carbon tetrachloride. 

556.2 

0.0181 

1.875 

66.27 

85.31 

Fluorobenzene. 

559.6 

0.0165 

1.357 


85.20 

Chlorobenzene. 

632.3 

0.0667 

1.420 

70.33 

04.01 

lodobenzene. 

721.1 


2.274 


07.81 

Methyl formate. 

487.1 

0.0070 

1.393 

75.85 

104.8 

Methyl acetate. 

506.8 

1.049 

1.332 


90.84 

Ethyl acetate. 

523.2 

1.061 

1.260 

65.24 

04.28 


liquid. That this is the case is indicated in table 3, where yo values for a 
number of normal liquids have been cidculated and are compared with the 
v^ues y* obtained by Sugden (9). 

Since both equations are equally effective in the temperature range 
which has so far been studied, no criticism cui be made of dther until 
both have been tested with surface tension data obtained from a study of 
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a nonnal liquid whose freezing point lies well below room temperature. 
At this low temperature, one of the equations should show considerable 
divergence from the anticipated figures. The relationship derived in 
this paper depends essentially on the applicability of the law of Cailletet 
and Mathias, and Timmermans has shown that for pentane the curvature 
of the rectilinear diameter is exceedingly slight even at — 130®C. Other 
investigators have commented on a slight but measurable curvature as 
the critical temperature is approached, but at lower temperatures the 
diameter closely follows the linear law, and equation 6 should therefore 
represent surface tension determinations at low temperatures with great 
exactitude. 
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NEW BOOKS 

Electrochemistry and Electrochemical Analysis, Volume II. Gravimetric Electro¬ 
lytic Analysis and Electrolytic Marsh Tests. By H. J. S. Sand. 18 x 12 cm.; 
ix + 149 pp. London: Blackie and Sons, 1940. 

The second volume of Sand’s Electrochemistry deals with gravimetric electrolytic 
analysis. The author commences with a full and detailed account of the apparatus 
required for electrolytic analysis; among other things descriptions are given of am¬ 
meters, voltmeters, capillary electrometers, the cathode-ray detector and poten¬ 
tiometers, together with an account of the principles on which the instruments 
depend. Many types of electrical stirring apparatus and auxiliary electrodes are 
also described and illustrated. The technique of electrochemical deposition is dis¬ 
cussed at some length. The third chapter deals with the electrolytic deposition and 
estimation of some twenty-four individual metals and the quantitative deposition 
of the higher oxides of lead and thallium. The anodic deposition and estimation of 
chlorides, bromides, iodides, carbonates, ferro- and ferri-cyanides, phosphates, and 
sulfides is also considered. In many cases alternative methods are given, along with 
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essential practical details. Very full descriptions are given of the electrolytic sepa* 
ration and quantitative estimation of silver, copper, bismuth, antimony, cadmium, 
nickel, cobalt, and zinc from solutions also containing other metals likely to be 
associated with them. The methods described in the earlier chapters are applied 
to the electrolytic analysis of several industrial alloys, including yellow metal alloys, 
white metal alloys, nickel bronzes, light aluminum alloys, and fusible metals. In¬ 
ternal analysis is dealt with in a very thorough manner, both from the theoretical 
and from the practical point of view. The methods of Pregl and of Sand and 
Lindsay for microchemical analysis are fully explained and illustrated by a descrip¬ 
tion of a quantitative separation of lead and bismuth. Electrolytic Marsh tests of 
arsenic, antimony, and germanium are described in detail. 

This book is a very useful and valuable one. It is well arranged and written and 
the descriptions are both clear and ample, so that a student following them could 
carry out any of the estimations described. The text is well illustrated, and a num¬ 
ber of relevant references are included in it. The book may be unreservedly recom¬ 
mended to analysts and to chemists generally. 

James F. Spencer. 

Principles of Inorganic and Analytical Chemistry. By E. J. Baldwin. 506 pp. New 

York: D. Van Nostrand Company, 1940. Price: $3.25. 

The book is divided in two parts, part I (204 pages) dealing with properties of 
atoms and molecules, and part II with the theory of reactions. The book is well 
written in a lucid style. **The author has intended to include in it the main features 
of the various theories of inorganic chefnistry, together with their application to 
the reactions commonly used in analysis.*^ 

The book is intended for class-room study during the entire second year of chem¬ 
istry. The reviewer doubts whether it will be a success in this respect. The book 
is not balanced, in so far as it gives a too detailed discussion of parts of physical 
chemistry and lacks a presentation of the application of many of the essentials to 
analysis. For example, an extensive discussion of covalence is given in part I, 
but the use of organic compounds in qualitative and quantitative analysis is not 
mentioned. Reaction velocity is discussed in the first chapter of part II, but the 
analytical significance of catalysis and induced reactions is not given in the book. 
On page 313 the author should have mentioned the significance of the velocity of 
precipitation, since the phenomena observed in the precipitation of metal sulfides 
cannot be understood on the basis of the principle of solubility product alone. One 
also misses a discussion of oxidation-reduction, adsorption and radioactive indi¬ 
cators, and of colorimetry and spectrophotometry. 

The reviewer noticed some serious errors in the book. On page 292 the hydrolysis 
of silver phosphate and on page 308 that of cupric sulfide is neglected, making the 
results of the calculations greatly in error. The calculation of the pH of an acid 
salt, such as Na 8 HP 04 (page 376) and NaHCO* (page 413) is entirely wrong; so is 
Fig. 97, giving the neutralization curve of sodium carbonate with hydrochloric acid. 
In the discussion of *‘causes^ ^ of ionic reactions (chapter V, part II), the effect of 
complex formation is not mentioned; this omission is more serious in the rule for 
dissolving precipitates (page 309). 


I. M. Kolthoff. 
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A PHASE RULE STUDY OF THE SYSTEM 
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Sodium stearate, although one of the most important constituents of 
commercial soap, has not previously been studied from a phase rule point 
of view. This paper presents the results of an exploratory survey. Al¬ 
though this soap has not yet been investigated as extensively as sodium 
oleatc (8), it has nevertheless been possible to const met a considerable 
portion of the phase rule diagram. 

Recent work (6, 7, 8, 11) has shown that all the saturated sodium soaps 
and likewise sodium oleatc pass through a sequence of mesomorphic states 
between room temperature and the melting point, instead of having only 
the single liquid ciystalline form formerly recognized. Since the number 
of phases in this sequence is not always the same for different soaps, the 
generalization (1) that phase rule diagrams for different soaps do not 
differ from each other qualitatively must break do^yi to some extent in 
the regions of concentration involving these new phases. One purpose 
of this work was to investigate the extent of the differences thus caused 
in the soap-water diagram. 

A new maximum had been found in the soIubilit 3 '^ curve for vsodium 
oleatc (8), resulting in a curve for this soap qualitatively different from 
those previously reported for sodium palmitate (3) and sodium lauratc 
(2, 5). When this same maximum was found for sodium stearate,—show¬ 
ing that it was not^a special characteristic of the unsaturated soap sodium 
oleate,—sodium palmitate and sodium lauratc were reinvestigated. The 
new maximum was found to be present in both these cases also. 

All four sodium soaps,--laurate, palmitate, stearate, and olcate,—have 
curves defining the limits of existence of ordinary isotropic solution which 
are qualitatively comparable in shape, despite the newly discovered feature 
of the curve. It may therefore be possible to relate quantitative differ¬ 
ences from soap to soap, at corresponding points in the phase rule diagram, 
to specific differences between the soap molecules. 

^ Parts of this work were presented at the meetings of the Pacific Division of the 
American Association for the Advancement of Science at San Diego in June, 1938, 
and at Stanford University in June, 1939. 
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MATERIALS AND EXPERIMENTAL METHODS 

Sodium stearate was prepared^ from stearic acid “Kahlbaum^^ by neu¬ 
tralization (phenolphthalein as indicator) of a hot alcoholic (95 per cent) 
solution of the acid with an alcoholic solution of sodium ethylate. Alcohol 
and water were driven off by heating in an air oven at 105®C. with fre¬ 
quent stirring to prevent burning. The acid from which the soap was 
made melted at 69.0®C. and had a molecular weight (by titration) of 284.3. 
Analysis of the soap (as used) by standard methods (2) gave the following 
results: real soap, 99.53 per cent; water, 0.41 per cent; free sodium hydrox¬ 
ide, 0.06 per cent. Allowance w^as made for the water in making uj) 
samples. 

The sodium laurate and sodium palmitate were the same stock whose* 
preparation has been described in previous publications (10, 11). 

Details of the methods of study used in this w’ork have been described 
previously (8). Values of 7\, the temperature at which isotropic soap 
solution separates an anisotropic liquid crystalline phase on slow^ cooling, 
were determined by visual obsei’vation of systems of known composition, 
sealed in thick-walled Pyrex tubes, and hung in an electric oven (4). 
Values of Tc, the temperature at which the last trace of curd fiber phase 
disappears on slow^ heating,—about one degree per five minutes in the 
vicinity of transitions,- -were also determined visually. This change was 
a great deal more definitive and easily observed with sodium stearate 
than had been the case with sodium oleate (8). These results are given 
in table 1. 

A few investigations were carried out with the polarizing microscope 
on samples sealed in small glass capillaries and examined in an electric 
furnace on the microscope stage (8, 11). These data are summarized in 
table 2. The temperatures To, at which a liquid crystalline phase first 
begins to melt to isotropic liquid on slow heating, are easily determined 
and very useful, since a few such points suffice to determine the phase 
boundaries of the fields of homogeneous liquid crystal. Other changes in 
microscopic appearance can also be detected, as indicated in the table, 
but these cannot be regarded as proof of phase changes without other sub¬ 
stantiating evidence. Table 2 also shows the transition temperatures of 
anhydrous sodium stearate taken from the work of Void, Macomber, 
and Void (7). 

A very useful check on the interpretation of the results w^as obtained by 
hanging a series of tubes in a viewing thermostat and examining their 
appearance by ordinary light and betw^een crossed polaroids. Flow proper¬ 
ties were also observed after the systems had remained a day or two at 

* The authors are indebted to Dr. M. E. L. McBain for the preparation of this 
soap. 



TABLE 1 


Visual observations 


SODIUM STBARATB 

7’t 

PROBABLB SXPABATINO PUASB 
AT Ti 

Tc 

weight per cent 

"C. 


"C. 

0.37 



62.7 

0.81 



66.8 

1.49 



68.8 

2.51 



69.8 

5.10 



71.8 

7.51 



72.8 

16.8 



75.3 

15.3 

I 


75.6 

19.9 

87 


76.8 

24.8 

124 


78.1 

•29.6 

152 


78.8 

34.9 

38.0 

166 

169 

^ Middle soap 

80.3 

81.3 

39.8 

! 171 j 


81.9 

41.9 

! 164 ! 

! 

82.4 

43.8 

1 

147 j 

) 

82.4 

45.0 

170 j 


82.4 

47.8 

212 


83 

49.5 1 

1 226 


83 

55.0 1 

256 ! 


86 

60.3 j 

277 


86 

64.9 ! 

71.9 1 

280 

284 

Either soap-boiler’s 

87 

90 

74.5 1 

293 

> neat soap or super¬ 

93 

79.8 j 

286 

neat soap 

104 

84.7 

281 


112 

88.6 

274 


119 

89.8 

273 



91.2 

272 



92.6 

276 



92.8 1 

276 



93.2 1 

267 j 



j 

94.6 1 

274 ] 

1 


97.1 j 

277 

^ Neat soap 


99.6 1 

284 1 


100.0 

288 1 

1 



SODIUM PADMITATK 


weight per cent 



97.2 

286 

Neat soap 

94.6 

276 

Neat soap 

92.2 

274 

Superneat soap 

85.4 j 

280 

Superneat soap 


SODIUM LAURATB 


weight per cent 




95.3 

313 j 

Neat soap 


89.5 

296 

Neat soap 


85.4 

294 

Superneat soap (?) i 


81.3 

290 

Superneat soap [ 
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each of several temperatures (8). The results of observation of nineteen 
systems, ranging in composition from 16 per cent to 100 per cent sodium 
stearate at temperatures from 96® to 161®C., are given in table 3. 

EXPERIMKNTAI. RESULTS 

"J'he phase rule diagram constructed from these data is shown in hgure 1. 
The T, curve, which gives the limiting concentrations and temperatures 


TABLE 2 

Poanihle iramition temperaiureB obtained by microscopic observations 


i 

BODXUM 

8T£ABATK 

To 

INCIPIENT 
BRIGHTEN- | 
ING 

BRIGHT 

STIPPLED 

APPEARANCE 

COARBBR BRIGHTER 

appearance 

SLIGHTLY 

COARSER 

STRUCTURE 


weight per 
cent 

1 

x\ 

X. 

1 

T. 

•c. 

161 

32.5 

158 

76 

79 



165 ’ 

41,5 

143 



1 


171 

40.0 

158 


78 



228 1 

49.5 

142 





231 

51.0 

209 


86 



256 1 

.55.0 

245 

82 


138-143 T 

199(T) 

! 





160 i 


270 1 

90.5 

267 

90-98 

128 

168 or 183 


265 1 

91.5 

263 




1 

i _ 


The arrows in the table indicate whether the temperature was rising (t ) or falling 
( i ) when the change in appearance was observed at different temperatures in the 
two cases. 


Anhydrous sodium stearate underwent the following changes in appearance: 
at 123®C. the original dull material was replaced by a bright, fine-grained, pebbled 
structure; at 166°C. the visible structure became coarser and brighter, and the 
color was still predominantly golden; at 203®C. there was some softening, the struc¬ 
ture became markedly coarser and brighter, and some red, green, and blue color 
appeared; at 256®C. there was marked softening, bubbles became practically circular, 
there was marked orientation at the edges of the tube and a great increase in bright¬ 
ness, the variety and depth of color and the size of the structural units increased, 
and some small focal conics developed; at 285®C. the field became completely dark 
as the soap melted cleanly to isotropic liquid. In addition, there was a gradual 
brightening of the field around 90®C. and a gradual appearance of brighter golden 
material from 108® to 118®C. 

The established transition temperatures (7), plotted in figure 1, are 69®, 90®, 117®, 
132®, 169®, 203®, 256®, and 288®C. 

of existence of isotropic soap solution, is fairly well defined. The two 
maxima in the curve are presumptive evidence for the existence of two 
aqueous soap phases, middle and supemeat soap, which have no counter¬ 
part in the anhydrous soap. This conclusion receives further support 
from the qualitative observation that the change in viscosity at Ti is less 
between ca. 45 per cent and 95 per cent sodium stearate than at higher 
or lower soap concentrations. 




THE STSTEM SODIUM STBARA.TE-WATEK 


1017 


The miiiiinum temperatuns at which isotropic liquid can be present 
between middle soap and soap-boiler’s neat soap, shown in figure 1 as 

TABLE 3 

Appearance of systems at various temperatures 


APPEARANCE OF 80DID1I STEARATE SYSTEMS AT 


80 R 1 UM stearate 

_ 

06*C. 

lOQ^C. 

126*C. 

144*C. 

lerc. 

weifjM per cent 

15.3 

I 


1 

I 

I 

19.9 

IM 

1 

I 

I 

I 

24.8 

M 

M 

IM 

I 

I 

29.6 

M 

M 

M 

M 

I 

34.9 

M 

M 

M 

M 

M 

39.8 

MN(?) 

M 

MN(?) 

MN 

M 

45.0 

MN 

MN 

MN 

MN 

NI 

49.5 

N 

N 

N 

MN 

NI 

55.0 

N 

N 

N' 

N 

N 

60.3 

1 

K 

j N' i 

N' 1 

N 

N' 

64.9 

N 

N' i 

1 

N' j 

N 

N' 

74.5 

NC 

N' 

X' 

N 

i 

79.8 

NC 

NC 

X’ 

N 

1 N' 

84.7 

NC 

NC 

X’ 

N 

! N 

89.8 

NC 

NC 

N' 

N 

i X 

1 

92.6 


NC 

NC 

N 

1 

i N 

94.6 

c 

NC(?) 

NC 

NW 

X 

97.1 

c 

c i 

C 

1 W 

xw 

99,6 

1 

c 

C i 

1 

C 

w 

w 


In this table 1 represents a mobile isotropic liquid; M represents a nearly, trans¬ 
parent, nearly rigid, anisotropic liquid crystal which is middle soap; N is a rather 
clear, translucent, anisotropic liquid crystal soft enough to slide in an inverted tube 
and is probably soap-boiler’s neat soap; N' represents systems very similar in ap¬ 
pearance to those designated by N, except that they are considerably cloudier and 
less translucent; C is a rather lustrous, white, frequently fibrous, immobile crystal¬ 
line material, which is probably curd fiber phase (very possibly not in the case of 
observations at 126®C.); and W is a rather opaque, whitish, waxy material some¬ 
what deformable on pounding the tube, and is probably waxy soap. Two letters 
in the same space indicate that both phases were present, although in general phase 
segregation did not occur under the influence of gravity (49.5 per cent and 45.0 per 
cent systems did separate into layers at 161®C.). The apparent viscosities, judged 
by the ease with which systems flowed when the tubes were inverted and tapped, 
were in general greater toward the middle of the concentration range of a given 
homogeneous phase than towards its edges or in two-phase regions. Thus, at 161®C. 
a 79.8 per cent system flows less easily than either 84.7 per cent or 74.5 per cent 
systems. 

145*^C., is not entirely certain, since there was an indication of the possible 
presence of isotropic liquid at lower temperatures in a few of the samples 
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Studied microscopically. Likewise, the value of the minimum temperature 
of existence of isotropic liquid between neat soap and supemeat soap, 
shown as 262®C., may require slight revision. 

In the region of this latter minimum in the Ti curve visual values of 
Ti were occasionally found to be as much as ]0®C. higher than the repro- 



COMPOSITION (weight PER CENT SODUM STEARATE) 

Fig. 1. Phase rule diagram of the system sodium stearate-water. O, <D, Tc ] 
dilatometric results; 0, Po; ©, other microscopic observations; A, vapor pressure 
results, taken from preliminary unpublished work of W. W. Lee. This portion 
dealing with curd and subw^axy boundaries will be revised w'hen those measure¬ 
ments are completed. 

ducible curve shown in figure 1. Although isotropic between crossed 
polaroids, the solutions were quite turbid. The turbidity can scarcely 
be due to hydrolysis products, since the soap actually contained a slight 
excess of alkali. In one instance it was noted that suspended dust par¬ 
ticles were no longer free to move at temperatures several degrees above 
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Ti, despite the absence of any apparent change in the fluidity of the solu¬ 
tion as a whole. The phenomena may be related to the apparent existence 
of dull anisotropic patches in isotropic sodium oleate solutions of (Corre¬ 
sponding concentration (8). 

Parts of the Tc curve, giving the maximum temperatures at which solid, 
white? curd fiber ])has(‘ can exist at any concentration, are also rather 
sharply defined. However, in concentrated systems where curd fiber 
phase may melt to a mixture of subwaxy soap and soap-boiler^s neat soap, 
the change in appearance is not sufficiently striking to permit of precise 
visual determination. It is significant that the results of viewing experi¬ 
ments, with 2 days at each temperature, are in general accord with the 
Tc curve, obtained with a continuous rise in temperature of about 0.25®C. 
per minute. Thus, systems in the field of soap-boiler\s neat soap were 
semi-fluid and translucent, whih* those of higher soap concentration (at 
temperatures below 128®C.) always had some lustrous white fibrous mate¬ 
rial, frequently with beautiful projecting individual fibers similar to those 
photographed in the case of sodium palmitate (9). This seems rather 
strange in view^ of the fact that anhydrous sodium stearate undergoes a 
transition to the subwaxy phase at 117°C. In a few instances the posi¬ 
tion of the Tc curve was confirmed microscopically by the change which 
occurred at this temperature from a dull, nearly opaque, featureless 
appearance to a much brighter appearance* with a prominent structural 
pattern. 

It is theoretically ])ossible to deteraiiue the compositions of the inter¬ 
sections of the bounding curves of the middle-soai) field with the 1\ 
curve from the phase rule requirement that the curve must be flat 
over the concentration range ’where two condensed phases are present on 
melting (3). In the case of sodium stearate this criterion was not par¬ 
ticularly helpful, since the increase in Tc with increasing soap concentra¬ 
tion is so gradual over most of the concentration range that it is difficult to 
say where the ends of the flats are because of the experimental uncertainty. 
The boundaries of the middle-soap field are nevertheless fairly well fixed 
by direct microscopic determination, in a few' instan(?es, of the temperature 
where melting commenced to isotropic liquid (7o) and by the viewing 
experiments show ing w hether at a given temperature systems were homoge¬ 
neous middle soap or a mixture of phases. 

The lower boundary of the region of soap-boiler’s neat soap is dcfm(?d 
by the Tc curve. 'Fhe right-hand boundary of this field is dotted in, 
partly from the results of viewing experiments and partly from a very 
rough estimate of the phase composition made from the relative volumes 
of neat soap and middle soap in the few' cases where phase separation 
occurred. 

The upper boundary of the field of superneat soap is rather w'ell deter- 
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mined by the microscopic observations of To. The central portion of 
the diagram is left blank, since no boundaries have been determined nor 



COMPOSITION (weight PER CENT SOAP) 

Fio. 2. Boundaries of the field of isotropic solution in various systems of soap and 
water, O, this work; (D, M. J. Void; MeBain, Lasarus, and Fitter; A, McBain, 
Brock, Void, and Void. Data are shown only for sodium palmitate and sodium 
laurate and then only in the region of the new maximum in the curve. 


has the independent existence of supemeat soap and soap-boiler’s neat 
sOap yet been demonstrated in this system. 
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No adequate investigation has yet been made of the phase behavior at 
very high soap concentrations. Transitions known to occur in the anhy¬ 
drous soap (7) have been tentatively represented as giving rise to corre¬ 
sponding aqueous phases as in the sodium oleate system (8), but there 
is as yet no evidence as to their fields of existence or concerning the ques¬ 
tion of their difference from or identity with the aqueous phases existing 
at lower soap concentrations. The name ^‘i>eat soap^^ has been retained 
for the phase which first separates on cooling anhydrous isotropic liquid 
sodium stearate and for very concentmted aqueous systems, but it seems 
likely, though still unproved, that this phase is not continuous with the 
aqueous phase known as soap-boilerneat soap. 

Anhydrous sodium stearate has an additional transition (at 90°C.) so 
far not detected in the case of sodium palmitate. Whether this is merely 
a change of crystal form or a transition to still another mesomorphic phase 
is not yet known. No attempt is made in figure 1 to indicate the phase 
boundaries in the binary system arising from either this transition or the 
genotypic transition (69®C.) of the anhydrous soap. 

Nineteen systems were separated into groups on the basis solely of their 
visual appearance, without prior knowledge of their compositions, after 
they had been homogenized and cooled to room temperature. Those 
which had been isotropic liquid at 100°C. at room temperature were a 
dull white, coarse, granular material resembling plaster. Those which 
had been middle soap at 100°C. had an appearance at room temperature 
intermediate between the preceding and following groups. Those which 
had been soap-boiler’s neat soap at 100®C. had a high sheen, were macro- 
scopically homogeneous, of a fibrous nature, and had many fine fibers 
visible to the naked eye. Those which had been a mixture of curd fiber 
phase and neat soap at 100°C. were not quite so white (slight yellowish 
tinge), had a very high sheen, were very fibrous, and had many well- 
developed fibers. Thos<f which had been curd fiber phase at 100®C. had 
less sheen, were less fibrous in appeamnee, and had a slight yellowish 
tinge. Hence it seems that the appearance at room temperature is some¬ 
what dependent on the phase from w^hich the curd was formed, despite 
the presximption that most of these systems ultimately consist of the 
same mixture of phases at room temperature. 

The new results on the Ti curves of sodium laurate and sodium palmitate 
are shown in 'figure 2, together with previous results on these systems. 

DISCUSSION 

Since the series of phases of the anhydrous soap is not the same for all, 
it follows that qualitative differences must likewise exist in their phase 
rule behavior with water. However, comparison of figure 1 with figure 2 
and with the diagram for sodium oleate (8) shows that sodium stearate, 
sodium palmitate, sodium laurate, and sodium oleate all have the same 
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kind of Ti curve, and hence significant comparisons can be made, since 
presumably the phases involved are the same with the different soaps 
(except above ca. 96 per cent). 

In order to compare the phase behavior it is desirable to select points 
at which the different soap systems will be in a corresponding condition, 
rather than to compare temperatures at some arbitrary composition or 
compositions at some arbitrary temperature. For this purpose the fol¬ 
lowing six ‘Corresponding points’’ on the Tt curve have been chosen: 
K, which is the temperature of maximum inflection in the solubility curve 
(closely related to the so-called Krafft point); Jc.v, where isotropic solution 
is in equilibrium with both middle soap and curd fiber phase; M, where 
middle soap melts to isotropic liquid of the same composition; I y, wh('r(' 
isotropic liquid is in equilibrium with both middle soap and soap-boiler’s 

TABLE 4 


Compositions* and temperatures at corresponding points on the phase rule diagrams of 
sodium lauratCf sodium palmitatc, sodium stearntCy and sodium oleate 


ftOAP 


jpomT/pj„ 

POINT J/ 

[point 

POINT S 

POINT 

POINT K 
TEM- 
PBRA- 
TURR 

Composition 

Temperature 

1 

1 

a 

6 

t 

"S 

u 

S. 

1 

! 1 

1 

I 

o 

Temperature 

Composition 

Temperature 

Composition 

_ 

Temperature 

Sodium laurate (Cis) 

30 

29.5 

42 

14.4 

149 

12.0 

136 

3.6 

294 

1.7 

285 

Sodium palmitate (Cie) 

62 

44.0 

71 

20.5 

171 

16.2 

159 

4.5 

284 

1.1 

269 

Sodium stearate (Cis) 

67 

72.5 

76 

26.6 

171 

21.6 

145 

6.0 

287 

1.5 

262 

Sodium oleate (Ci8“). 

* 22 1 

[ 1 

47.0 

32 

26.4 

133j20.2 

70 

6.1| 

260 

0.5l 

199 


* Temperatures are in ®C. and compositions in terms of moles of water per mole 
of soap. 


neat soap; S, where superncat soap melts to isolropic liquid of the same 
composition; and Isa, where isotropic solution, superneat soap, and neat 
soap (subneat soap in the case of sodium oleate) are simultaneously in 
equilibrium. 

Comparative results for sodium stearate and sodium oleate, which differ 
from each other by only a double bond, arc shown in table 4. In all cases 
corresponding changes occur at lower temperatures with sodium oleate 
than with sodium stearate. The unsaturated soap is also much more 
soluble, as shown by the higher concentration of soap in the saturated 
solution (point I cm) and by the very much lower temperature of the 
Krafft point (point K), the temperature below which the soap is nearly 
insoluble (<2 per cent). Although the maximum temperature at which 
middle soap and superneat soap can exist is lower for oleate than for 
stearate, the compositions at these points (M and S) are nearly the same 
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ill the two systems. There is a considerable difference in composition at 
point I//Si which is to be expected, since in this instance the phases involved 
arc no longer the same in the two systems, being neat soap, superneat soap, 
and isotropic liquid with sodium stearate and subneat soap, superneat 
soap, and isotropic liquid in the case of sodium oleate. A further dif¬ 
ference is the much larger range of composition over which sodium oleate 
systems exist as a mixture of phases as opposed to sodium stearate sys¬ 
tems, particularly with respect to the equilibria between soap-boiler\s 
neat soap and middle soap or isotropic liquid. 

Table 4 also shows the effect on the phase rule diagram of increasing 
the length of the hydrocarbon chain of the soap molecule. The values 
given for points S and Ins must be regarded as provisional until a more 
exhaustive investigation has been made of this portion of the diagram. 
The solubility in hot water (point I cm) decreases rapidly as the chain 
length increases. The composition of that middle soap which melts 
unchanged to isotropic liquid varies nearly linearly with the length of the 
hydrocarbon chain. This fact would seem to require that any satisfactory 
structural model of middle soap must dispose the water in such a way that 
its amount is related to the length of the chain and not only to the extent 
of hydration of the carboxylate groups. 

A similar situation seems to prevail with respect to the composition of 
that superneat soap which melts to isotropic licpiid without change of com¬ 
position. Here, too, the concentration depends on the chain length, the 
water content at the maxima in the curves being in the ratio 11:13.7:18.3 
for laurate, palmitatc, and stearate, respectively, while the lengths of the 
hydrocarbon chains are in the ratio 11:15:17. Sodium oleate, despite 
its double bond, has almost exactly the same water concentration as 
sodium stearate at this corresponding point. 

SUMMARY 

A part of the phases rule diagram of the system sodium stearate-water 
has been constructed on the basis of visual observations of the tempera¬ 
tures at which phase changes occurred, supplemented by microscopic 
detenninations and by viewing experiments at selected temperatures. 

A much larger number of mesomorphic phases exist than had previously 
been recognized with saturated soaps. Except at very high soap coiH^en- 
trations the phase behavior in this system is qualitatively similar to that 
found with other soap systems. 

Comparison has been made of the temperatures and compositions of 
corresponding points in the phase rule diagrams of water and the follow¬ 
ing soaps: sodium laumte, sodium palmitate, sodium stearate, and so¬ 
dium oleate. 
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THE TIME OF SET OF SILICA GELS. V 
The Effect of Alcohols and pH on the ‘‘Heat of Activation'' 

L. A. MUNRO AND J. A. PEARCE' 

Department of Chemistry^ Queen^s University, Kingston, Canada 

Received Axigust 1, 19S9 

Hurd and Letteron (7) have discussed the application of the equations 
of chemical kinetics and the Arrhenius equation to the setting of silicic 
acid gels. A value of 16,940 cal. was obtained for the ‘‘heat of activation." 
This was independent of the soda-silica ratio (8) and the weak acid used 
(5) but varied when strong acids were used (6). 

Prasad and Desai (13) have recently estimated the “heat of activation" 
of various inorganic gels of unrecorded pH. 

Previous investigation (12) has shown that the effect of addition agents 
on the time of set of silica gels is specific at all pH values except 7.0 and 
changes in a regular manner as the acidity decreases. The heterogeneity 
of the gelating system and the difference in properties of acid and alkaline 
gels made it seem of interest to determine whether this change in behavior 
and the specific effect of addition agents would be reflected in the “heat 
of activation." 

'Present address; Department of Chemistry, McGill University, Montreal, 
Canada. 
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EXPERIMENTAL 

A stock silicate solution of sp. gr. 1.1569 containing 6.70 per cent Si02 
was prepared from ^'Crystalline sodium silicate, Na2Si03-91120'' (Na20 : 
SiOa = 1.00:1.02). The standard acetic acid was 1.636 N (100 cc. of 
glacial acetic acid + 1 liter of water). The experimental technique was 
the same as previously described (10, 11, 12). 

RESULTS 

The results for one concentration of addition agent (0.5 M per liter) are 
shown in tables 1, 2, and 3. The relation between concentration of addi¬ 
tion agent and time of set was found to be similar to earlier work (11). 

TABLE 1 


Effect of alcohols upon the time of set of silica gels 


1 

ADDITION OF 25 CC. OF 

3.35 PBB CBNT SiOa 
BOLtrrioM to: j 

TBM* 


TIM® OF BBT IN MINOTEB 



pH OF 
CON- 

j 

TURK 

Control 

(tc) 

LPropanol 

Glycol 

Glyo- 

orol 

Man- 

nitolf 

TBOL 

QBL 

(a) 22 cc. of standard 

"C. 

0 

863. 

loai 

930 

906. 

900. 

6.74 

acid 4- water -f 

20 

122. 

155. 

132 

130 

126. 

5.61 

addition agent (« 

30 

45.0 

57.0 

49.0 

48.0 

47.0 

5.76 

26 cc.) j 

50 

8,87 

10.5 

9.75 i 

9.20 

1 

9 10 

5.93 

(b) 16 cc. of acid* 4- 

i 9 

60.0 

Coagulated 

Coagulated 

75.0 

256. 

10.59 

water 4- addition 

1 20 

186, 

Coagulated 

124. 

215. 

400. 

10.50 

agent (« 25 cc.) 

40 

105. 

Coagulated 

70.0 

90.0 

137. 

10.60 


50 

53.0 

Coagulated 

37.5 

45.7 

66.6 

10.63 


* 100 cc. of glacial acetic acid -f 1260 cc. of water. 

t Mannitol values at 0.6 mole per liter of addition agent arc obtaincjd at the lower 
te,mperaturc8 by extrapolation from smaller additions 


The pH changes recorded arc the corrected (3) initial pH and the pH on 
setting for the control gel. In the region of pH 9.5 to 11.0 the corrected 
glass-electrode readings were betwi'on 0.2 and 0.4 ]:)H unit lower than that 
obtained by indicators (11). 

Figure 1 (data in table 3(a)) shows the log time of set plotted against 
the reciprocal of the absolute temperature and is representative of the acid 
gels. Only limiting curves are shown, the remainder lying between and 
parallel to these. The "heats of activation" calculated for these acid gels 
are, respectively: 16,900; 16,500; 16,780; and 16,300 cal.r essentially the 
same as reported by Hurd. 

Data from table 3(c), for slightly alkaline gels, have been used to con¬ 
struct figure 2. In this figure the curve for methanol crosses, and that for 
1-propanol approache.s, the curve for the control gel (12). This appears 




TABLE 2 


Effect of alcohols upon the time of set of silica gels 


ADDITION or 25 cc. or 
8.63 PBB CBNT SiOs 
SOLUTION to: 

TBM- 

PBRA- 

TUBE 

TIMS OP 8BT IN MINOTBB 

pH OP CON¬ 
TROL OBL 

Control 

itc) 

Meth¬ 

anol 

l-Propanoi 

Glycol 

Glyc¬ 

erol 

Man- 

nitolf 

(a) 22 cc. of stand- 

“C. 

0 

717. 

765. 

925. 

765. 

763. 

732. 

6.62 

ard acid -h 

20 

91.5 

98.8 

118. 

97.0 

95.8 

93.3 

5.57 

water -h addition 

30 

35.8 

38.7 

41.0 

37.8 

37.3 

37.0 

5.55 

agent (= 25 cc.) 

50 

P.OO 

6.37 

6.83 

6.33 

6.33 

6,15 

5.82 

(b) 16 cc. of stand¬ 

0 

2.92 

i 1 00 

Too fast 

2.25 

4.25 

10.7 

10.09-10.11 

ard acid 4* 

20 

5.00 

1.90 

Too fast 

3.58 

6.00 

16.0 

10.18 10.49 

w’ater addition 

30 

4.75 

1.75 

Too fast 

3.33 

5.25 

12.4 

10.26-10.42 

agent (*= 25 cc.) 

50 

2.66 

1.00 

Too fast 

1.75 

2.15 

5.45 

10.39«10.56 


t Mannitol values at 0.5 mok' per liter,of addition agent are obtained at the lower 
temperatures by extrapolation from smaller additions. 


TABLE 3 

Effect of alcohols upon the time of set of silica gels 


ADDITION OF 25 CC. OF 
2.66 PEB CBNT SiOs 

tbm- 


TIME OP BBT IN MINUTBS 


pH 

CHANOBS 

SOLUTION (SP. OB. « 

lj.0569) to: 

PBBA- 

TURB 

Control 

(tc) 

Meth¬ 

anol 

l-Pro- 

panol 

Glycol 

Glycerol 

Man- 

nitolf 

IN CONTROt 
GBL 

(a) 15 ,cc. of stand- 

•c. 

0 

1852. 

1955. 

2307. 

1958. 

1910. 

1910. 

5.36 

ard acid + 

20 

276. 

298. 

320. 

296. 

292. 

289. 

5.49 

water -f addi- 

30 

105. 

117. 

124. 

113. 

111. 

108. 

5 41 

tion agent (= 
26 cc.) 

50 

16.6 

18.0 

20 4 

18 0 

17.5 

17.1 

5.60 

(b) 14 cc. of stand- 

0 

532. 

559. 

581. 

552. 

553. 

550 

6.70-5 81 

ard acid + 

20 

78. 

85.5 

94.0 

83.0 

82.0 

80.0 

6.02-6.36 

water + addi- 

30 

31.1 

32,8 1 

36.0 

33.0 

32.5 

31.8 

6.02-5.98 

tion agent (« 
25 cc.) 

50 

5.25 

5.50 

6.17 

5.62 

5.50 

5.50 

6.24-6.29 

(c) 13 cc. of stand¬ 

0 

21.0 

22.3 

21.0 

1 

22.6 

24.8 

31.0 

7.70-7.70 

ard acid -h 

20 

7,50 

7.25 

6.33 

8.00 

8.25 

9.83 

7.92-8.12 

water -f addi¬ 

30 

3,75 

3.50 

3.17 

4.00 

4.20 

4.83 

7.99-8.11 

tion agent (» 
25 cc.) 

50 

1.33 

1.23 

0.97 

1.42 

1.40 

1.58 

8.20-8.38 

(d) 12 cc. of stand¬ 

0 

26.0 

19.0 

6.00 

26.5 

32.8 

69.0 

00 

ard acid -1- 

20 

19.3 

12.8 

5.00 

19.0 

23.0 

37.8 

9.20-9.68 

water + addi¬ 

30 

13.4 

9.50 

3.62 

11.5 

15.0 

24.3 

9.18-9.55 

tion agent (=» 
25 cc.) 

50 

6.66 

4.62 

1.94 

5.57 

7.00 

10.9 

9.57-9.90 


t Mannitol values at 0.5 mole per liter of addition agent are obtained at the lower 
temperatures by extrapolation from smaller additions. 
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to be due to the change in pH with temperature. Such a shift in pH has 
been noted by Batchelor (1). The ‘%eat of activation^^ calculated from 
the data for the control gel is 9820 cal. This differs greatly from Hurd’s 


310*10'® 3.19*10® 3.30*10’® 341*10’® 3.53*10® 366*10’® 


Fir*. 1. Relation between time of set and absoluU' temperature for acid gels of 
different silica concentrations at different pH with or without addition agents. 
O, control gel; □, 1-propanol. 

Figure 3, from table 3(d), illustrates the same kind of a change in the 
case of glycol. It is no longer possible to calculate a ^‘heat of activation.” 
The values for gels containing glycerol approach the values for the control 
gel very closely at the higher temperatures. 
















3IO»IO’ 3.(9»I0*’ 330x10'* 341x10'* 353«I0* 3.66xia* 


I 

W 

Fio. 4. Change in temperature-time of set relation at pH'^10.2 (SiOi, 1.8 per 
cent). Oi control gel; A, methanol; #, glycol; A> glycerol; ■, mannitol. 



3.10x10'* 319x10 * 3.30x(0'* 3.41x10'* 3.53x0 * 3.66x0* 


tIs 

Fio. 5. Change in temperature-time of set relation at pH 10.5 (SiOi, 1.7 per 
cent). O, control gel; •, glycol; A, glycerol; ■, mannitol. 
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Table 2(b) and figure 4 show the effect at increased silica content and 
increased pH. It will be seen that the curving is more pronounced. At 
60®C. glycerol has actually become an accelerator of gelation. 

Table 1(b) gives the data for figure 5, at pH 10.59. As this is just in¬ 
side the limit of alkalinity in which gels are formed (12, 15), these gels are 
very fragile. The readings, therefore, can only be approximations. The 



Fig. 6. Variation in specific effect of the alcohols (100/o/<f) with pH. A, metha- * 
nol; Dt 1-propanol; #, glycol; A, glycerol; ■, mannitol. 


important points are that the curving of the lines is still more pronounced 
and that glycerol joins the accelerators between 30® and 40°C. 

Calculations on Batchelor’s (1) data^ gave a few straight lines for tlu* 
^*heat of activation” curves, but the slopes obtained were not the same as 
Hurd’s. This might be explained by Batchelor’s use of a mixture of strong 
acids and by his method of determining the time of set, which does not give 


* Kindly supplied by the author. 
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exact readings in those gels which are definitely thixotropic. His data, 
in spite of these limitations, support our findings that the ‘‘heat of activa¬ 
tion^^ is not constant over a pH range. 

THE GENEUALIZATION FOR SILICA GELS WITH ALCOHOLS AS ADDITION AGENTS 

When the time of set of a gel containing addition agent (to) expressed 
as a percentage of the time of set of the original or control gel (Q is plotted 
against the pH of the control gel, a system of smooth curves is obtained 
(12). In the present work thus generalization is extended to other tem- 
l)eratures. A series of similar curves is obtained (figure 6). To avoid 
congestion experimental points have been omitted on the acid side. The 
deviations of the present 20°C. eurv^es from those reported elsewhere are 
doubtless due to the pH discrepancy mentioned above and the difficulty of 
preparing silicate solutions of exactly the same colloidal properties. 

Those addition agents that have the greatest specific action on the time 
of set are affected most by change in temperature. On the alkaline side, 
as the temperature is increased all reagents become less specific in their 
('ffpct,. For those alcohols w^hich change from accelerators to retarders the 
pH of reversal is practically constant and Is the same as previously noted 
(12). The effect of temperature on the glycol curve is astonishingly small. 

The lack of specificity at pH 7.0 seems to indicate that the dielectric 
constant of the addition agent plays a minor role in the vsetting phe¬ 
nomenon. This is in opposition to the suggestion of Davis and Hay (2) 
that the most important variable of colloidal silica is the sign and magni¬ 
tude of the electrokinetic potential. 

DISCUSSION 

Hurd, Raymond, and Miller (9) report that there is a straight-line rela¬ 
tionship between the log time of set and the pH of acid gels. The former 
((uantity plotU'd against the reciprocal of the absolute temperature also 
gives a straight-line relationship. Any changes in pH therefore that occur 
with temperature would not cause any curvature of the activation line for 
acid gels. Hurd (4) (considers that there is a similar relationship for alka¬ 
line gels. It has been shoAvn (12) that this is only true for a limited range, 
and that the curve goes through a pronounced miniitlum. Hence the 
chang(‘ in pH with temperature may here be an important factor in causing 
a change in slope for alkaline gels. 

Davis and Hay (2) appear to have confused ‘‘the heat evolved during the 
formation of the gcl,^^ which they refer to as the “heat of formation,^' 
with the “heat of activation.'’ They suggest six possible sources of the 
heat evolved. Two of these, e.g., heat of neutralization and heat of dilu¬ 
tion, are not determinative of the relatively slow gelation process. The 
term “heat of activation” is descriptive of the rate of the determining 



1032 


h. A. MUKRO AND J. A. PEARCE 


reactions which immobilize the sol and produce a standard rigidity, 
defining the time of set. Sorption of the dispersion medium, displacement 
of water from the silicic acid complex, surface energies, and loss of kinetic 
energy of the molecules are all factors that determine the so-called ‘Tieat 
of activation.’^ If the importance of one or the other of these changes mih 
temperature, a straight line will not be obtained. 

In the presence of addition agents the importance of these factors might 
be expected to be altered and other factors introduced. The specific 
nature of the effect of alcohols on the alkaline side would point to the in¬ 
creasing importance of adsorption. This factor alone would tend to cause 
greater deviation from a theoretical ‘^heat of activation.” On the acid 
side the addition agents apparently affect but little the mechanism of 
gelation, although the time of set is altered. 

Differences between acid and alkaline silica gels are shown in other re¬ 
spects than in their behavior towards addition agents. For acid silica 
gels syneresis is alow; for alkaline silica gels of similar concentration 
syneresis is rapid. Acid silica gels are more transparent, more rigid, and 
more elastic. Alkaline gels appear to be less stable and tend to be gratiu- 
lar. It would seem that the setting of acid and of alkaline gels is governed 
by different factors. It is even doubtful if a theory of gelation for acid 
gels can be applied to alkaline systems. The difference in the curves for 
the Arrhenius equation, described above, supports this view. 

SUMMARY 

1. Calculations of the so-called ‘‘heat of activation” have been madci 
for silica gels over a pH range, 

2. The presence of addition agents does not essentially change the slope 
of the curve for acid gels. 

3. For acid gels the values for the “heat of activation” were? th(i same 
as those obtained by Hurd. 

4. For alkaline gels the slope changes and fmally a straight line is no 
longer obtained, 

5. The generalized curve relating pH and per cent effect on the set for 
a series of alcohols is given for the temperatures studied. 

6. It is concluded that the gelations of acid and alkaline gels are funda¬ 
mentally different. 
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AN ANOMALOUS CONCENTRATION CELL. THE CONSTITU¬ 
TION OF SOLUTIONS OF STANNOUS CHLORIDE IN 
WATER AND IN HYDROCHLORIC ACID 


L. R. ALLISON, E. J. HARTUNCi, and E. IIKYMANN 
Department of Chemistry^ University of Melbourne, Melbourne, Australia 

Reeeived June 20y 1939 


Some time ago, a concentration cell of stannous chloride with the more 
dilute solution superimposed on the more concentrated was prepared for a 
lecture demonstration. The more concentrated solution (25 per cent) 
was prepared in 2.33 N hydrochloric acid, and the other by dilution in the 
ratio 1:10 with water. On superimposing one solution on the other, and 
introducing a small tin rod, it was found that the tin crystals, instead of 
being deposited in the more concentrated region, were formed in the dilute 
solution, contrary to what would be expected. It was later found that, 
when the two solutions were prepared in acid of the same normality, the 
cell behaved in a normal manner and the tin crystals were deposited in the 
concentrated region. 

Subsequent investigation has shown that the behavior of the anomalous 
cell may be readily explained on the assumption that the activity of the 
stannous ions is smaller in the strongly acid solution of stannous chloride 
in high concentration than in the weakly acid solution of stannous chloride 
in low concentration. This is most probably due to the complexity of 
these solutions. 


I. THE LIQUID-JUNCTION POTENTIAL 


The anomalous cell 


~Sn 


25% SnCl* 
2.33ArHCl 


2.6% SnCh 
0.233 AT HCl 


Sn^ 
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shows an e.m.p. of —70 millivolts (the negative sign being used to indicate 
anomalous behavior). After introduction of* a saturated potassium 
chloride bridge the e.m.f. is reduced to —35 to —40 millivolts, showing 
that the liquid-junction potential in the original cell is appreciable, but not 
great enough to account for the anomalous effect. Assuming that the 
liquid-junction potential is to a great extent destroyed by the salt bridge, 
its value would be approximately equal to the difference, namely ^ 30 
to 35 millivolts. Applying'Cumming’s (4) equation,^ a value of 33 milli¬ 
volts would be expected. 

If the hydrochloric acid concentration is the same in both cells (2.33 A), 
the cell shows normal behavior, the e.m.p. being 30.9 millivolts. Intro¬ 
duction of a salt bridge reduces this value by less than 1 millivolt, showing 
that the liquid-junction potential is negligible in this case. Hence, in the 
anomalous cell, it is mainly due to the difference in concentration of hydro¬ 
chloric acid. 

II. SOLUTIONS OF STANNOUS CHLORIDE WITHOUT ADDITION OF ACID 

To obtain an indication of the possible nature of the ions concerned in 
the phenomena mentioned above, the potential Sn | was first meas¬ 
ured in solutions without addition of acid. The potentials wen^ measured 
against a saturated calomel electrode, using a Tinsley potentiometer. 
From these values the potentials against the standard hydrogen electrode 
were calculated (F/h). Since neither the nature of the ions present nor the 
transport numbers in stannous chloride solutions are known with cer¬ 
tainty, the value of the liquid-junction potential cannot be estimated. It 
will, however, be only small, since saturated potassium chloride solution 
has been used as intermediate liquid. In all experiments oxygen was ex¬ 
cluded by keeping the system under nitrogen or carbon dioxide. 

In figure 1 JBh is plotted against log c (c = molar concentration). It 
is seen that does not vary linearly with log r, dB/d log c varying beiwe*i‘n 
8 and 14 millivolts. This is considerably below the Nenist value of 

= 29 millivolts (IS^C.) 

whi(*h would be expected, if the activity coefficient were either unity or 
independent of c. Hence, on dilution, the activity (asn) is reduced in a 
much smaller ratio than the concentration, as a consequence of a process 
in which n(*w stannous ions are formed. Such a process consists pre¬ 
sumably in the breaking up of complexes, such as SnClr“' or SnCli". 
The suggestion of the presence of a large amount of the salt in an auto- 

* (-umming's equation is more suitable for concentrated systems than Henderoi^n’s 
equation, since it cont 9 .ins actual transport numbers instead of mobilities at infinite 
dilution and the conductance Tatio instead of the concentration ratio. 
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complex form was first made by Foerster (6). From the experimental 
figures and from the standard potential of tin = —0.136 volt (7,8)) the 




-200 

-220 

*240 

-260 

-280 

-300 

-320 

-340 


Fig. 1. Plot of Eh aRniiist log c for stannoup chloride solutions containing 
no hydrochloric acid 

Fig. 2. Plot of Eh against log c for stannous chloride solutions containing various 
amounts of hydrochloric acid 


TABLE 1 

Stoichiometric activity coefficient 


^0 = — 136 millivolts 


c 

1 

1 

«8n 


M 

miUlivolts 



1.058 

179.8 

0.0309 

0.029 

0.634 

180.5 

0.0295 

0.047 

0.417 

181.7 

0.0270 

0.065 

0.202 

185.6 

0.0187 

0.091 

0.099 

187.4 

0.0170 

0.17 

0.037 

194.8 

0.0100 

0.29 

0.018 

199.9 

0.006.S 

0.35 

0.011 

201.4 

0.0056 

0.50 


Htoichiometric activity coeflficient (ysn) be estimated. It varies 

from 0.03 to 0.5, when the concentration is reduced from 1.058 M to 0.011 
M (table 1). 
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m. soiitmoNS containing acid 

All potentials measured in acid solutions are corrected to eliminate the 
liquid-junction potential due to hydrochloric acid, using Cumming’s 
equation. In figure 2 is plotted against log c for solutions containing 
various amounts of hydrochloric acid. Addition of hydrochloric acid 
makes the potentials much more negative; hence the activity of Sn++ 
decreases strongly. Addition of 6.0 N hydrochloric acid to a 1.108 M 
stannous chloride solution decreases the activity from 3.6 X 10~* to the 
order of 10~*. Addition of potassium chloride and ammonium chloride 
has a similar effect (6). The reason for these effects is obviously an in¬ 
crease in the amount of complex ions, e.g., SnCir“ and SnClF, on addition 
of acid. 

Figure 2 shows further that, in acid solution, there is a linear relation 
between Eg and log c, dE/d log c being very near to the Nemst value of 


TABLE 2 

Values of dE/d log c for various acid concentrations 


HTOBOCHLOBXC ACID 

dE 

d lose 

N 

miUivoUt 

1 

30.0 

2 

30.0 

4 

33.5 

6 

28.0 


29 millivolts. Table 2 shows the values for various acid concentrations, 
calculated from the slope of the curves.* 

The striking discrepancy between the behavior of stannous chloride 
solutions containing acid (<iB/d log c ^ 29 millivolts) and those contain¬ 
ing no acid, except that originating from hydrolysis, (dJ5/d log c 29 
millivolts) is easily explained. Increasing addition of hydrochloric acid 
favors the formation of the complex, the stability of which is obviously 
so great in acid solution that its degree of dissociation is but little influenced 
by the total concentration of stannous chloride. The activity of stannous 
ions, which determines the potential, is then roughly proportional to the 
analytical concentration of the salt. Hence, conditions exist in which 
the variation of the potential with concentration is described by the Nemst 
equation. 

From the slopes of the E^-log c curves in strongly acid solutions, in- 

® It may be mentioned that the slope of the curves is not affected by the uncer¬ 
tainty about the magnitude of the liquid-junction potential since, each set of experi¬ 
ments being carried out at constant hydrochloric acid concentration, the liquid- 
junction potential is practically independent of the stannous chloride concentration 
and therefore does not affect the slope of the iS^ir-log c curves. 
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formation about the nature of the complex may be obtained by a method 
first employed by Bodl&nder (1). It can be showm that 


dE ^ 2.303 X RT 
d log c 2F Xn 


— millivolt^! (18®C.) 
n 


where n is the number of tin atoms in the complex. Hence our results 
show conclusively that* acid stannous chloride solutions contain in ap¬ 
preciable concentration only complexes with one atom of tin. Of these, 
SnClr"' and SnClr are the most probable ones, for a complex acid, 
HSnCls-SHgO, and salts of HjSnCU have been separated in crystalline 
form and some of them have been investigated by x-ray analysis (2, 3, 5, 
6, 9). The existence of the higher negative chloro-oomplcxes and that of 
a positive complex, such as SnCl+, can, however, not be ruled out (8), 
although there is practically no direct experimental evidence for their 
occurrence. 


IV. SUMMARY 

1. An anomalous commontration coll is described and its mechanism 
discussed. 

2. The potential Sn j Sn^“^ in stannous chloride solutions of various con¬ 
centrations has been investigated. dE/d log c is much smaller than the 
''Nernst’^ value (29 millivolts). This is due to the breaking up of complex 
ions into simple ions on dilution. 

3. Addition of hydrochloric acid makes the potential much more nega¬ 
tive. Obviously the amount of complex ions, e.g., SnClJ ' or SnClF, 
is greatly increased at the expense of stannous ions. 

4. The potential Sn | Sn**"^ in strongly acid solutions of stannous chloride 
varies linearly with the logarithm of the analytical concentration of 
stannous chloride, dE/d log c being very near to the ‘^Nernst” value. 
This is due to the stabiliring etfect of hydrochloric acid on the complex, 
which makes it insensitive to dilution. The activity of the remaining 
stannous ions, which determines the potential, is then roughly pro¬ 
portional to the analytical concentration of the salt. 

5. The nature of the complex ions present in acid stannous chloride solu¬ 
tions is discussed. 
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Although considerable work has been done on the viscosities of gases 
below the ice-point, the data have usually been taken at widely separated 
points on the temperature scale and would seem, with a few notable 
exceptions, to be none too reliable. In connc'ction with a program of 
accurate low^-temperature heat-capacity measurements on gases by the 
velocity of sound method, the authors have considered it advisable to 
carry out a series of viscosity measurements in the low-temperature range. 
In addition, it was felt that accurate viscosity data would furnish a worth¬ 
while contribution to the study of interrelationships among heat capacities, 
thermal conductivities, data of state, viscosities, and intermoleeular forces. 

This paper deals with a description of the method and apparatus used, 
together with results obtained on hydrogen, air, oxygen, nitrogen, nitri(‘ 
oxide, nitrous oxide, carbon dioxide, and methane. 

METHOD AND APPAUATT'8 

A careful consideration of the problem of measuring gas viscosities over 
the low-temperature range leads ultimately to the oscillating-disk method 
of Maxwell (21, 10, 8, 25). The apparatus (figure 1) was patterned after 
that of Sutherland and Maass (25), but included certain refinements which 
it was felt would increase the reliability of the results, especially in the 
measurement and control of temperature. 

Temperature measurement ami temperature control 

Temperatures w^ere determined by means of a copper- constantan ther¬ 
mocouple soldered directly to the bottom of the lower fixed disk. This 
had the advantage of measuring the temperature of thermally conducting 
metal adjacent to the portion of gas whose viscosity was determined. 
Subsequent measurements showed that the temperature of this region 
differed significantly from that of the bath, owing in part to conduction 
of heat by the gas which fills the central column of the apparatus. The 
thermocouple employed was one of several standardized in this laboratory 
against the Berkeley temperature scale (5) through the intermediate 
standard couple, designated as couple 101, calibrated by Milner and 
Greensfelder (17). Our scale is believed accurate to ± about 0.05®, which 
is better than our requirement. The couple was wound loosely around the 
supporting screws for several turns, to eliminate temperature gradient? 
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near the junction, and was taken out of the apparatus through a de Khotin- 
sky seal at the top of the side tube F. 

A large Dewar flask contained the bath for regulating the temperature 
of the gas. An air-driven stirrer, supported independently of the mount 
that held the apparatus, was run slowly enough to prevent noticeable 
vibrations. 



Fi«. 1. Apparatus 

Liquid oxygen was used for the bath at 90°K. At 118®K. a freezing 
mixture of dichlorodifluoromethane was maintained by inserting into the 
bath a copper flask containing liquid air to a suitable level. Between 130*^ 
and 150®K. a thin-necked (*oppcr Dewar flask was used with a bath of 
dichlorodifluoromethane. Regulation of the liquid air level in the Dewar 
flask and of the hydrogen pressure between its walls proved a sufficient 
moans to offset heat leak into the bath or to reduce the warming rate to a 
few' tenths of a degree per hour. Above 150®K. the bath was thermo- 
statted with the use of accessory apparatus patterned after the pre(*ision 
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cryostat of Scott and Brickwedde (24). Thermostatting was usually 
better than db 0.05®. Dichlorodifluoromethane was employed as bath 
liquid to a temperature of 170®. Above this temperature a bath with the 
following composition was used: 19.4 per cent chlorofonn, 44.7 per cent 
ethyl bromide, 22.5 per cent trichloroethylene, and 13.9 per cent s-dichloro- 
ethylene. 

For all runs two temi>erature8 were read and recorded, both before and 
after the viscosity measurements: namely, that of the silver disk by means 
of the standard coujile previously referred to, and that of the bath by 
means of a second copper-constantan couple submerged in the liquid. 
The two readings were usually not identical. In thermostatted runs the 
temperature of the disks usually exceeded that of the bath by a few* hun¬ 
dredths of a degree owing, presumably, to heat conduction by the gas in 
the vertical column of the apparatus. In some trial iims in which the 
bath was permitted to warm at the rate of 2® or 3® an hour the conditions 
w^ere reversed, the silver disks lagging behind appioximately 1®. Rapid 
heating of the bath (1® per minute) produced temperature differences of 6® 
to 7® between the bath and the disks. These results indicate the necessity 
of measuring temperatures directly at the disks, in reporting viscosities. 

Other variations from the design employed by Sutherland and Maass 

(а) In order to maintain constant spacing between the oscillating disk 
and the fixed disks, in .spite of temperature changes in the lower part of 
the apparatus, the section of brass rod below the ivory segment was made 
the same length as the three long screws which support the fixed disks. 
'Fhe desirability of maintaining constant spacings is shown by an equation 
given by Keesom and van Itterbeek (15) 

C = (di + (h)/4ldid2 (1) 

in which C is the apparatus coiistant (cf. equation 2), /* the radius of the 
oscillating disk, di and c ?2 the distances which separate the oscillating disk 
and the upper and lower fixed disks, respectively, and I the moment of 
inertia of the oscillating system. 

(б) Spiral springs of brass slip over the long brass supporting screws and 
bear against special washers placed just under the glass risers. These 
prevent permanent displacement of the fixed-disk assembly as the result 
of successive contractions and elongations of the supporting screws conse¬ 
quent on temperature changes in the bath. 

(c) The hook and grooved eyelet, placed by Sutherland and Maass at 
the upper end of the suspension wire, were placed by us at the bottom, 
where they could be reached through the open window with a curved pair 
of tweezers. The window was cemented in place with a non-volatile 
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cement, which could be easily softened with a flame. This variation in 
design was a considerable advantage for purposes of assembling or repair¬ 
ing the apparatus, since the whole suspension could be changed without 
removing the apparatus from its supports or necessitating adjustments 
below the window. 

(d) Amplitudes of successive oscillations were observed by means of a 
telescope with cross hair, with the aid of an illuminated scale. The scale 
was set at approximately 10 feet from the apparatus, to obtain high sensi¬ 
tivity. To prevent any distortion of the mirror which might result if it 
were cemented directly to the brass rod, it was tied firmly with silk thread 
to a thin piece of cork which, in turn, was cemented to the rod by means of 
shellac. A small galvanometer mirror, which was ground to dimensions 
of about 2 mm. by 3 mm,, was employed. 

The apparatus was firmly clamped in a wooden support attached to a 
3 ft. by 3 ft. concrete' ]nllar whi(‘h formed a ])ortion of the foundation of the 
building. 


PUEPARATION AND PURIFICATION OF GASES 

Hydrogen, investigated largely to test the reliability of the apparatus, 
was tak(‘n from a commercial tank of electrolytic hydrogen and was purified 
by slow passage through Charcoal cooled with liquid air. Preliminary 
treatment of the charcoal involved evacuation at a dull red heat and subse¬ 
quent washing with hydrogen at the same temperature. 

Air, taken from outside the laboratoiy, was freed from caibon dioxide 
and water vapor by slow bubbling through concentrated potassium 
hydi-oxide solution and concentrated sulfuric acid, followed by passage 
first over stick potassium hydroxide and then over phosphorus pentoxide. 

Oxygen was prepared and purified by the method outlined by Cliauque 
and Johnston (7). The electrolytic cell used operated on a current of 5 
amperes. 

Nitrogciii was i)rei)ared according to the procedure outlined by Ciiauque 
and Clayton (6). 

Nitric oxide w-as prepared by the method of Johnston and Oiauque (13), 
using the preparation and purification system set up by Johnston and 
Woimer (14). 

Nitrous oxide w as preiiared by the procedure followed by Johnston and 
AVeimer (14). 

Carbon dioxide w^as prepared by the modification of the method of 
Maass and Cooper (19) and by the modification of the method of Meyers 
and Van Dusen (22) employed by Long (18). 

Methane was prepared by the Grignard reaction, special precautions 
being taken to free the gas from ether vapor. The methane was frac¬ 
tionated several times in a closed glass system, the end fractions being 
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discarded each time. This is essentially the procedure set forth by Duncan 
and Howe (3), 


CALIBRATION 

Maxwell (21) derived the following fundamental equation for the 
oscillating-disk viscosity apparatus: 

i| = (X ~ ^)ICi (2) 

'where i; = viscosity, X = logarithmic decrement, x = wire constant, i == 
period, in seconds, of one oscillation, and C = the apparatus constant. 

We can put for the logarithmic decrement: 

1? = (logLn - logL(„4.,))A (3) 

where Ln the full amplitude of the oscillation (corrected for non¬ 
curvature of our scale) and n takes on the values 1,2, • • • t. Our custom 
has been to take series of ten oscillations {% = 5) for gas runs. The five 
values for X thus obtained in a single series ordinarily agreed to within 0.1 
of 1 per cent. 


Wire constant 

To obtain the wire constant, which is a meftsure of energy losses in tlu* 
wire alone, the logarithmic decrement was measured with the apparatus 
thoroughly evacuated. 

Preliminary to each determination the apparatus was evacuated to a 
pressure of mm, of mercury, or under, for from 12 to 24 hr., with the* 
apparatus at room temperature. The bulb of the apparatus was immersed 
in liquid air for the determinations. For determinations of the wire 
constant, each run consisted of a series of 60 oscillations (that is, i = 30 
(equation 3)). Table 1 indicates the degree of reproducibility obtained 
in the measurement of wire constants. These refer to measurements made 
within a single day. 

Although Sutherland and Maass (25) assumed x to remain constant after 
several hours annealing at 100®C., our own preliminary measurements 
indicated small but significant irregularities that could be accounted for 
only by variations in x. Further investigations revealed (i) that x de¬ 
creases normally with use, owing apparently to work hardening of the wire 
as the result of twisting, and (2) that x is increased markedly if glass blow¬ 
ing is done on or near the apparatus, even though there be little apparent 
opportunity for the wire to become heated. These observations arc 
brought out clearly in figure 2, for a wire on which numerous determina¬ 
tions of the constant were made over a period of more than two months. 
Accordingly it was found necessary to repeat determinations of the wire 
constant at convenient intervals, and to interpolate to intermediate dates. 
Table 2 is a record of determinations of the wire constant within the period 



TABLE 1 


Determinations of the wire constant for suspensioji I 


DATE 

X 

August 12, 1937 




0.000866 

0.000854 

0.000861 


Average. 




0.000860 




TIME IN DAYS 

Fig. 2. Variations in the wire constant with time and with experimental adjustments 

TABLE 2 

Determinations of the wire constant for suspension II 


DATE X* 


(a) Determinations prior to readjustment of zero setting 

September 10, 1937 | 0.000734 

September 27, 1937 j 0.000676 

(b) Determinations subsequent to readjustment of zero setting 

October 1, 1937 ! 0.000747 

October 10, 1937 | 0.000663 

There can be no doubt that these systematic variations in x are real and that 
a proper method of interpolation has been pursued in choosing x*8 to use with the 
viscosity data: namely, by using curves rough-drawn to the shape of that in figure 2. 
However, the entire effect is small. If the evidence of figure 2 and the reproduci¬ 
bility exhibited in successive determinations, as in table 1, were neglected, and the 
four values of table 2 were averaged as though they represented an experimental 
spread of error, the viscosity value most affected—that of methane at 90°—would 
be changed by only 0.26 of 1 per cent. 
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during which the majority of the viscosity data were collected. Each 
value is an average of several determinations, as in table 1. The wire 
(suspension II) had been previously annealed in situ at lOO^C. after the 
rest point was adjusted and all glass seals completed. During the anneal¬ 
ing process hydrogen was held in the apparatus to increase heat transfer 
between the wire and the condenser walls. The wire constant decreased 
slowly with time. Between September 27th and October 1st the rest 
point was readjusted, which necessitated opening and rcsealing the glass 
tubes C and D (figure 1). The wire was rcannealed before the new calibra¬ 
tion on October 1st. 


Apparatus constant 

The apparatus constant was determined by measurements of logarithmic 
decrements in air at temperatures close to 296.1®K. The viscosity of air 
was taken as ij = 1833.0 X 10~’ poises at 296.1®K. This is the average of 
the following published results: 1829.2 X 10“\ Houston 01); 1834.9 


TABLE 3 

Corrections to the viscosities made necessary by thermal contraction of the metal disks 


T 

CORBBCTION 

•K. 

percent 

300 

-0.006 

200 

+0.156 

100 

+0.316 


X 10“’, Kellstrom (16); 1834.7 X 10“’, Bond (2); 1834.4 X 10“’, Majum- 
dar and Vajifdar (20); 1833.3 X Ifr"’, Banerjea and Plattanaik (1); 1^0.3 
X 10“’, Rigden (23); 1834.1 X 10”’, Fortier (4). This value, which is 
0.57 per cent higher than the value of Harrington (9), 1822.6 X 10“’, 
which has served as the standard for most of the recent work in the United 
States and Canada, agrees well with the standard genemlly accepted in 
Europe: namely, Vogel's (29) ij = 1724 X 10“’ for air at 273.1®K., cor¬ 
responding to= 1832 X 10“’for air at 296.1®K. 

Determinations of the apparatus constant, with air, were repeated at 
4- to 5-day intervals during the period that active measurements of the 
several gases were in progress. Measurements on six different days prior 
to the readjustment of the zero setting averaged C — 5.368 with deviations 
from the mean equal to about 0.1 of 1 per cent. Three determinations 
subsequent to the readjustment of the zero setting averaged 5.380 with 
deviations of only 0.05 of 1 per cent from this mean. Within limits of 
experimental error, the wire constant appeared to be independent of time, 
but was somewhat affected by the readjustment of the zero. The value 
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6.368 was therefore employed as the apparatus constant for all data taken 
prior to October 1, 1937 and 5.380 for all data taken subsequent to that 
time. 


THE DATA 

The experimental data an* givc^n in tables 4 to 12 and are shown graphi¬ 
cally in figure 3. These include a small correction made necessary at 


TABLE 4 

Viscosity of hydrogen 


AVER- ii 


DATE 

T X 10’ 

A V sn* ^ { 

AQE 

nXlO’ 




October 2, 1937 

October 5, 1937 

90.28 ! 390.6 
391.2 
390.6 

117.48 474.2 

474 0 

'1 

31K).9 II 

i! 

474.1 |l 

1 , 


131.63 

513.0 

513.0 i: 

!! 


132.69 

515.4 

515.4 |j 

1 

145.30 1 548.2 
’ 549.0 

'l 

Ii 

548.6 ij 

i 

155.94 j 576.2 

! 575.3 

' 

|l 

575.7 


169.07 j 603.9 
i 608 3 

606.1 

October 3, 1937 

184.01 I 643.4 
! 639.4 

641.4 j 


200,67 i 683.1 
> 682.1 

682.6 ji 


i 

DATE 1 

T 

1»X10’ 

AVER¬ 

AGE 

ijXlO’ 

October 3, 1937 i 

•/f. 

216.06 

717.2 

718.2 

717.7 

! 

1 

231.07 

760.7 

751.6 

751.1 

1 

! 

1 

244.99 

780.6 

781.7 

781.1 

i 

1 

260.87 

812.4 

813.5 

813 0 


273.23 

841.1 

842.2| 

841.7 


286.78 

869.2 

868.5 

868.8 

October 1, 1937 

i 

1 299.96 

895.6 

895.6 

October 3, 1937 

I 300.05 

i 

i 

896.7 

895.3 

896.0 


temperatures other than 296*^K. by vii'tue of thermal changes in tin? 
HimAnainns of the oscillating-disk assembly. The need for this is made 
apparent from equation 1, which shows that the apparatus consta,nt will 
vary directly with r^/I and inversely with djdi/ {di + dt). Neglecting the 
slight difference in the thermal expansion coefficients of brass and of silver 
and the contributions from both brass and silver to the di.dt/{di + di) 
portion of the correction, the net effect is that C varies directly with the 
first power of the linear expansion of silver. Taking the average coefficient 
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for silver to be 16.1 X 10*“^ (12) over the temperature interval 90® to 
300®K., the magnitudes of the corrections to viscosity are indicated in 
table 3. Wire constants were interpolated to the dates at which mns were 
made, in the manner previously indicated. 

Pressures during the mns varied from 600 mm. at 90®K. to 760 mm. at 
300®K., except as noted in table 11. An unrecorded mn with methane 

TABLE 6 


ViscoBity of air 


DATE 

T 

i; XIO’ 

AVER- 

AOE 

»?X10’ 

DATE 

T 

>»X10» 

AVER* 

AGE 

1? XIO^ 


‘•A'. 




"A. 



September 11, 1937 

90.22 

645.4 


October 11, 1937 

215.23 

1424.4 




644.3 




1423.5 




646.7 

645.5 



1420.9 

1422.9 

October 10, 1937 

'.10.28 

646.1 



230.52 

1503.7 




645.6 

645.9 



1502.7 

1503.2 

September 16, 1937 

118.40 

835.7 


October 11, 1937 

245.61 

1584.4 




834.4 

835.0 

1 

1 


1584.6 

1584.5 


132.78 

928.7 


1 

i 

260.35 

1655.4 




929.8 

929.3 



1665.9 

1662.0 

1661.1 


146.19 

1011.4 

1010.3 

1010.9 

October 12, 1937 

273.29 

1725.9 

1724.0 



160.89 

1110.2 

1099.4 




1722.8 

1724.2 



1113.0 

1107.5 


284.60 

1776.6 

1778.4 

1777.5 

October 11, 1937 

183.27 

1235.3 

1244,1 



300.12 

1851.3 

i 



1239.9 




1851.0 




1235.2 

1238.6 



1854.0 

1849.2 

1851.4 


201.59 

1346.0 

1347.8 

1343.9 

1345.9 






at 90®K. (suspension I) and a pressure of 78 mm. likewise showed no 
sensible dependence on the pressure. Sutherland and Maass (25) and 
van Itterbeek (27) have found viscosities to be independent of pressure 
over much wider limits. 

Measurements on carbon dioxide were taken with suspension I. At 
the time of these measurements variations of the wire constant with time 
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were unsuspected. However, several runs on air were taken just prior to 
the runs with carbon dioxide and several runs with methane were made 
just after the carbon dioxide runs. Comparison with the later data 
obtained on air and on methane, with suspension II, permitted evaluation 
of the wire constant values in the earlier runs and, by interpolation, the 
value of the wire constant during the carbon dioxide runs. The results 
obtained were consistent with the direct measurements recorded in tabk; 1 

l ABLE 6 


Viscosity of oxygen 


DATE 

T 

1/ X 10’ 

AVER- 

AGE 

r, X 10’ 

DATE 

r 

nXlO’ 

AVEB- 

AOK 

nXW 


^K. 




“K. 



September 13, 1937 

<)0 28 

6S)2.7 


September 14,1937 

216.17 

1573.9 



1 

692.7 

692.7 



1573.5 

1673.7 

September 15, 1937 

118.81 

908.3 



229.94 

1666.4 




909.6 



1 

1663.4 

1664.9 



907.8 

908.6 


245.13 

1756.7 



131.29 

998.0 




1762.3 

1759.5 


1 

1000.5 

1 

999.4 


260 11 

1847.1 


September 16,1937 

144.941 

1099.9 




1846.6 

1846.9 

September 16, 1937 

1 

1098.3 

1097.7 

1098.6 


273.16 

1916.5 

1918.9 


September 13, 1937 

158.46 

1185.6 




1919.6 

1918.4 


1 

1184.3 

1186.0 


285.16 

1988.5 


September 14, 1937 

172.56 

1286.4 




1987.5 

1888.0 



1290.1 

1288.2 

September 12,1937 

300.02 

2071.9 



184.61 

1373.2 




2070.7 

2071.2 



1374.9 

1374.0 

September 14, 1937 

300.05 

2070.4 



201.49 

1483.4 

1483.5 

1483.5 



2070.5 

2070.5 


and the character of variations with time and treatment revealed in 
figure 2. An apparatus constant was determined at the time of the carbon 
dioxide runs through calibration with air at 296®K. On account of this 
indirect manner of evaluating the wire constant for the carbon dioxide 
runs, the data are slightly less accurate than were obtained with the other 
gases. However, the added uncertainty from this source of error should 
not exceed 0.1 of 1 per cent. 
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Table 13 given smoothed values of the viscosities read at 10® intervals 
from large-scale graphs. 


ACCURACY OF RESULTS 

The average deviation of two hundred and fifty-seven experimental points 
from the smooth curves of figure 3 is db 0.13 per cent. The precision is 
somewhat less at low than at high temperatures. One hundred and three 


TABLE 7 
ViscoBiiy of nitrogen 


DATE 

T 

vXW 

AYER- 

AOB 

DATE 

T 

izX10» 

AVER- 

AOB 



vXW 










•K. 



September 18, 1937 

90.17 

631.9 


September 19, 1937 

215.75 

1381.0 




630.9 




1380.6 

1380.8 



631.5 

631.4 


229.88 

1451.9 


September 17, 1937 

118,26 

817.5 




1455.0 

1453.5 



815.4 

816.4 


245.19 

1532.1 



130.82 

890.8 




1530.6 

1531.3 



894,0 

892.4 


260.13 

1603.4 



140.98 

954.1 




1602.5 

1603.0 



955.6 

954.7 


273.21 

1664.6 



155.56 

1039.7 




1664.2 




1046.0 




1666.3 

1665.0 



1039.9 

1041.8 

September 20, 1937 

285.08 

1718.3 



169,4 

1121.7 



’ 

1720.6 

1719.5 



1120.2 

1124.7 

1122.5 


300.05 

1785.1 

1783.8 


September 19, 1937 

184.72 

1209,1 




1785.8 

1784.9 



1210.9 

1210.0 

September 18, 1937 

300.07 

1788.4 

i 


200.16 

1295.2 

1301.2 

1298.2 



1785.5 

1787.0 


points below 200®K. deviate fmm the smooth curves by db 0.17 per cent, 
whereas one hundred and fifty-four points above that temperature possess 
an average deviation of 0.10 per cent. 

The following systematic errors are considered: 

1. Temperature scale. Our temperature, scale is believed to be accurate 
to db 0.05® over the range covert. An error of 0.05® at 296®K. would 
introduce an error of 0.013 per cent into determinations of the apparatus 




DATE 


October 6, 1937 


September 21, 1937 


DATE 

September 24, 1937 


September 26, 1937 


TABLE 8 


ViHcosity of nitric oxide 


T 

17X10» 

AVER. 

AOE 

i|X10» 

DATE 

T 

IIXIO’ 

AVBB> 

AGE 

nXW 

•A'. 







118.95 

836.2 


September 21, 1937 

230.03 

1652.7 



836.3 




1552.6 

1552.6 


835.8 

1 


245.18 

1636.9 


133.71 

936.9 

936.9 



1636.5 

1636.7 

134.55 

945.4 

946.4 


260.03 

1723 4 
1726.7 

1726.1 

143.06 

1002.3 
1004 0 

1003 2 


273.16 

1793.2 

1789.2 


167.081 

1097.3 




1787.6 

1790.0 


1097.9 

1097.6 

September 22, 1937 

285.33 

1856.9 


170.21 

1183.3 




1853.2 

1856.0 


1182.1 

1182 7 

S<.‘ptember 21,1937 

300.12 

1936.8 


184.04 

1270.8 




1933.5 



1271.8 

1271.3 



1933.8 

1934.7 

200.86 

1375.1 


September 22, 1937 

300.17 

1936.1 



1376.8 

1375.5 



1936.4 

1 1935.2 

216.72 

11466.7 

1468.2 

1467.4 






TABLE 9 


Viscosity of nitrous oxide 


— 


AVER- 




AVER- 

r 

dX 10’ 

AGE 

DATE 

T 

IJXIO’ 

AGE 



ijX 10’ 




1? X 10* 

•A'. 




•A. 



185 20 

923.0 


September 25, 1937 

259.97 

1293.9 



926.3 




1296.8 

1294.8 


923.5 

924.3 









273,28 

1362.6 


201 17 

1013.1 




1361.5 



993.4 




1361.0 

1361 6 


1012.2 

1006.2 









286.77 

1422.2 


215.54 

1076.7 




1420.6 

1421.4 


1077.4 

1076.6 









300.10 

1488.0 


229.94 

1150.1 




1490.2 

1489 1 


1147.3 

1148.7 



1 





September 24,1937 

300.16 

1490.2 


246.00 

1217.4 




1489.1 

1489.7 


1219.8 

1218.6 
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TABLE 10 


Viacosity of methane 


DATS 

T 

7X10» 

AVAR* 

AOB 

nX10» 

DATS 

T 

ifX i(r 

AVAR- 

AOA 

nX10» 


®iC. 




* K . 



October 8, 1937 

90.39 

366.8 


October 8, 1937 

200.06 

775.5 




367.1 

367.0 



775.9 

775.7 

October 7,^ 1937 

118.63 

471.6 



215.48 

835.9 




472.8 




836.0 

836.0 



473.8 

472.7 


231.24 

888.5 



132.40 

524.5 




889.9 

889.2 



525.6 

525.0 


246.10 

939.2 



146.19 

578.2 




939.4 

939.3 



576.9 

577.5 


260.05 

985.8 



157.45 

619.9 




987.6 

986.7 



619.9 

619.9 


273.18 

1029.4 



170.53 

667.7 




1030.6 

1030.0 



667.4 

667.6 


284.85 

1068.5 

1 

' 

183.13 

722.3 

714.1 




1069.0 

1068.7 



714.9 

717.1 

j 

300.00 

1116.2 

1116.4 

1116.1 

1116.2 


TABLE n 


OAR 

P 

T 

X10» 


mm . 

•/c. 


Hydrogen. . 

154 

299.93 

893.4 




894.0 


363 

299.95 

895.8 



1 

893.8 


561 

299.93 

895.3 




895.6 


757 

299.95 

895.7 

Methane . 

79 

300.05 

1114.7 




1114.2 


448 


1116.1 


758 


1116.2 




1116.4 
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coiiHtant and affect all subsequent measurements of visc.osity by this same 
amount. An equal error at a temperature other than 296®K. would intro¬ 
duce errors into the viscosities in proportion to their magnitudes and their 
temperature coefficients. On a percentage basis the error would be largest 
for methane at 90°K., where it would amount to 0.052 per ciuit. For 
temperatures above 200°K. the error from this source could not exceed 
0.025 per cent in the most unfavoral)le case. In view of the fact that the 
standard thermocouple is soldered directly to the disk assembly, it does 
not appear probable that there can be systematic temperature (u-rois in 
excess of those inherent in the scab*. 


TABLE 12 


Viscosity of carbon dioxide 


DATE 

_ 

T 

V X 10’ 

AVER¬ 

AGE 

n X 10’ 

! 

DATE 

L - -. 

T 

vXW 


^K. 



i 

•1C. 


AuKUst 16, 1937 

197.86 

1004.3 


.\tiKust 17, 1937 i 

259.76 

1302.8 



1005.4 

1004.8 

1 i 

, 


1302.1 


198.00 

1004.0 



273.13 

1365.5 



1006.2 


’ 


1366.3 



1007.9 

1005.9 

! 


1365.3 

1 

214.75 

1087.8 


li 1 

286.59 

1430.5 



1082.7 


' 1 

i 

1431.9 

1 


1087.8 

1086.1 

! 

i August 16, 1937 

298.44 

1486.8 

August 17, 1937 

230.17 

1161.8 


■ 


1487.7 



1160.6 

1161.2 

1 .\ugu8l 17, 1937 

300.32 

1496.0 


245.08 

1231.6 


1 


1495.3 


1 

1233.6 

1232.6 

i 

1 

1 

1497.8| 


AVEK- 

AOE 

V X 10’ 

1302.5 

1365.7 

1431.2 

1487.4 

1496.4 


Thermostatic control. Owing to temperature fluctuation in the 
course of each nin, the temperature {Assigned to the run on the basis of 
the thermocouple reading may deviate by a few hundredths of a degree 
from the true average temperature. Above 150®K/ this effect can be 
0,06® at most, owing to the excellent behavior of the thermostatic control. 
Below 160®K. this error may attain 0.1® or 0.2® for certain runs. How¬ 
ever, this error would not be systematic in the viscosity runs, but makes 
its contribution to the average deviations of ± 0.13 percent referred to 
above. To the extent to which it may have been present in runs to 
determine the apparatus constant it would contribute to the systematic 
errors introduced through this constant. Since the apparatus constant 
is itself determined as the average of several runs, the systematic error 
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from this source cannot attain the full 0.013 per cent characteristic of 
a temperature error of 0.05“. 

S. Timing. Absolute errors, as in the accuracy of the stop watch, 
cancel out between the calibration against air (the apparatus constant) 



o6o 


This research 

I 



-f 

Air 

Sutherland and Maass 

X 

N,0 

Vogel 

* 

CO, 

Sutherland and Maass 


H, 

Yen 

X 

H. 

Sutherland and Maass 

□ 

0 , 

Yen 

• 

H, 

Kamcrlingh Onnes, Dorsam, 
and Webor 

■f 

- 0 - 

N, 

CH« 

Yen 

Rankine and Smith 

•- 

Air 

Vogel 

f 

CH4 

Ishida 

+ 

0 , 

Vogel 

V 

N,0 

Ishida 

-• 

N, 

Vogel ! 

♦ 

CO, 

van Dyke; Ishida 

9 

CH 4 

Vogel 


0 , 

van Itterbeek and Keesom 

o- 

M 

CO, 

NO 

Vogel 

Vogel 

A 

N, 

van Itterbeek and Keesom 


and the viscosity runs. Chance errors from this source are small (± 
0.2 sec. in 500 to 600 sec.), but may contribute 0.04 per cent to the ap¬ 
paratus constant through the calibration runs. 

4.. Scale readings. The amplitude of the scale readings averaged from 
600 to 600 mm., and the scale was clearly readable with an accuracy of 
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0.1 or 0.2 mm. Ten such readings comi)rised a run. If it is assumed 
that the chance of making the readings in such a way that the errors cancel 
is equal to the chance that they are cumulative^ there will be an error 

TABLE 13 


Smoothed values for the viscosities 


T 

HYDBO* 

OBN 

AIR 

. 

OXYaSN 

NITROQBN 

MXTHANB 

NITRIC 

OXIDB 

NITROUS 

OXIDB 

CARBON 

DIOXIDB 

•/r. 









90.0 

390.2 

644.1 

691.2 

629.8 

364.9 




100.0 

421.2 

712.6 

767.5 

697.5 

402.8 




110.0 

461.5 

780.. 2 

842.8 

763.1 

440.7 




120.0 

480.5 

846.0 

916.5 

826.4 

478.3 

843.6 



130.0 

508.1 

910.6 

999.2 

887.6 

516.0 

912.7 



140.0 

534.5 

975.1 

1060.9 

948.4 

559.7 

981.4 



150.0 

560.3 

1037.1 

1131.6 

1008.3 

591.4 

1048.8 



160.0 

585.4 

1100.5 

1201.9 

1067.6 

628 9 

1115.0 



170.0 

609.8 

1161.3 

1271.7 

1125.3 

666.1 

1180.8 



180.0 

634.0 

1220.8 

1340.6 

1182.9 

703.1 

1244.9 

898.2 


190.0 

657.5 

1279.2 

1408.6 

1239.4 

' 740.6 

1 1308.6 

948.6 

966.0 

200.0 

680.9 

1336.4 

1 

1475.8 

1295.4 

777.8 

! 1371,2 

998.7 

1015.0 

210.0 

703.9 

1392.8 

1541.1 

1349.9 

814.3 

1 

t 1432.9 

1048.6 

1063.5 

220.0 

726.7 

1448.1 

1604.4 

1402.9 

850.1 

1 1493.0 

1098.7 

1111.7 

230.0 1 

749.1 1 

1603.1 j 

1666.2 

1454.7 

885.0 

i 1552.0 

1148.6 

1160.1 

240.0 

770.7 

1556.8 

1727,6 

1505.2 

919.1 

1 1609.7 

1197.7 

1208.5 

260.0 i 

792.5 

1607.8 

1786.3 

1554.7 

953.0 

1665.9 

1247.0 

1256.0 

260.0 

813.8 

1658.9 

1845.3 

1603.1 

986.3 

1710.7 

1296.2 

1303.2 

270.0 

835.0 

1708.3 

1902.3 

1650.2 

1019.8 

1774.2 

1345.1 

1351.5 

280.0 

855.5 

1756.4 

1958.4 

1696.0 

1052.5 

1837.6 

1393.3 

1399.6 

290.0 

875.8 

1804.0 

2015.3 

1741.1 

1084.4 

1881.4 

1441.3 

1447.7 

296.1 

888.1 

1833.0 

! 2049.1 

1768.4 

1103.6 

1913.6 

1470.2 

1476.8 

300.0 

895.9 

1850.9 

2070.6 

1785.7 

1115.9 

1934.4 

1488.9 

1495.1 


contribution of only 0.04 per cent in a detennination of the apparatus 
constant. 

o. Wire constanL Errors in the wire constant will appear as systematic 
errors in the data and will enter various measured viscosities in rough 
inverse proportion to the magnitudes of the viscosities. Further, any 
error in the measured value will enter both the apparatus constant C 
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and the viscosity term (X — x) with compensating effect. Thus, for 
viscosities of close to 1832 X poises the effect of an equal error in the 
values of x applied in the evaluation of C and of vi will cancel substanti¬ 
ally completely. A 1 per cent error in the x applied both to ly and to C 
will produce an error of 0.05 per cent in the viscosity of methane at 90®K. 
We believe (cf. table 1) that our determinations of the wire constant are 
accurate to within 1 per cent. How^ever, the error in certain of our 
interpolations of changing wire constant may be double this. A 2 per 
cent error in the value of x employed in evaluating (X — x) in viscosity 
runs will influence viscosities in the neighborhood of room temperature 
by about 0.02 per cent and produce the maximum effect on hydrog(»n (»r 
methane at 90®K., where the error could be 0.13 per cent. 

6, Apparaiys. Systematic errors could be introduced from non- 
horizontality of the fixed disks, non-pcrpendicularity of the suspension 
rod to the movable disk, tf^mperature variations in the relative positions 
of the movable and fixed disks, and stray magnetic fields. We believt‘ 
that errors from these sources have been reduced to negligible propor¬ 
tions by the care exercised in constructing and assembling the apparatus. 
Likewise viscous drag on the mirror and permalloy armatures can bt‘ 
(excluded as a source of significant error, because of th(' small dimensions 
of these parts. 

Accumulation of the systematic errors referred to above can barely 
exceed 0.3 of 1 per cent in the more unfavorable cases at 90®K. or half 
this amount at 300®K, There may be in addition to thc'se some residual 
electrostatic effects, for w^e are not certain that these were completely 
eliminated by the shielding. Certain of our runs gaA^e some indication 
of a trend in th(‘ logarithmic decrements which w e were able to attributes 
to no other source. Ordinarily no trouble of this sort was encountered. 

With account taken of the chance deviations we believer that, with th(‘ 
exception of carbon dioxide, the inaccuracies in our smoothed values 
entered in table 13 are no greater than 0.7 of 1 per cent in the most un¬ 
favorable case,—that of methane at 90®K.,—and do not exceed 0.3 of 
1 per cent in the more favorable values at 300®K. For carbon dioxide 
the inaccuracy may be somewhat larger, owing to the indirect manner in 
which the wire constant was evaluated. We estimate that the inaccuracy 
in this gas may range from 0.4 of 1 per cent at room temperature to 0.8 
of 1 per cent at 190°K. 

This discussion of error relates to the relative values, with air at 23®(^ 
taken as standard. 

COMPARISON WriTH VALUES OF OTHER AUTHORS 

Figure 3 shows to some extent the agreement between our results and 
those in the literature. The viscosities of other workers were corrected 
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to 11296. 1 ® = 1833.0 X 10~’ when such correction was indicated. For 
example, the published values of Sutherland and Maass, which were 
related to lyJie.i® = 1822.6 X 10“^, must be corrected to our standard 
for any comparison. Likewise, we feel that wc are justified in altering 
the absolute viscosities of Yon (30) for hydrogen, oxygen, and nitrogen 
and that of Van Dyke (26) for carbon dioxide, since both worked with 
the apparatus of Harrington (9). 

Table 14 shows the excellent agreement thus obtained between our 
results and those of Yen and of Van Dyke at 296.1®K. and includes also 
a comparison with results obtained at Leiden (15, 27, 28) on hydrogen 
and on oxygen at 90°K. and on hydrogen at 293°K. Comparison with 
the Leiden value for nitrogen at 90°K. shows a considerable discrepancy, 


TABLE 14 

Comparison of the results of this research with previously published results 


QAS 

T 

i»X10» 

(this 

ressarch) 

nXlO’ 

(pub¬ 

lished) 

KErBRENCS 

Hydrogen 

“A. 

296.1 

293,0 

888.1 

881.8 

887.2 

882.7 

Yen (30) 

van Itterbeek and Claes (28) 


90.2 

89.4 

390.8 

388.3 

389.5 

387.1 

van Itterbeek (27) 

van Itterbeek and Claes (28) 

Oxygen. 

296.1 

90.2 

2049.1 

692,7 

•2054.0 

688 

Yen (30) 

Keesom and van Itterbeek (15) 

Nitrogen 

296.1 

1768.4 

1774.8 

Yen (30) 

Carbon dioxide. 

296.1 

1476.8 

1479.9 

Van Dyke (26) 


as is apparent on the graph. Our own value for nitrogen at 90®K. is 
more consistent with an interpolation between the values for oxygen 
and for air. 

Comparison with the data of Sutherland and Maass is of especial 
interest, since our apparatus is patterned after theirs. In general our 
data run higher than theirs. Differences run as much as 2 per cent on 
some of the low-temperature values. It is unlikely that possible changes 
in their wire constant could be of sufficient magnitude to account for this. 
Furthermore, the period of oscillation i for the Sutherland and Maass 
apparatus exhibited a remarkable consistency, indicating little change in 
X, whatever its value may have been. It also appears unlikely that so 
large a discrepancy can be attributed to the temperature scale. It 
appears probable to us, however, that the temperatures which Sutherland 
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and Maass measured were not the true gas temperatures but lay above 
the temperatures of the disk assembly. They measured bath temperatures 
on an unthermostatted bath. Their observation that '^the variation in 
temperature due to warming up during a run did not exceed i®C. and 
at the higher temperatures was much less than this^' and our experience 
that a run requires about 10 min. imply that their bath may have warmed 
at the rate of about 6° per hour at the lower temperatures. As previously 
mentioned, we found in our own experience that the temperature of the 
disk assembly lagged considerably behind that of the bath under these 
conditions. In one experiment with nitric oxide in our apparatus the 
bath surrounding the bulb was cooled with dry ice and then allowed to 

TABLE 15 

Differences between ike data of Sutherland and Maass and those of this research on a 



temperature basis 


T 

GAS 

TSMPBRATVBSS OF SUTKBR- 
LAND AND MAASS HIGH BT 

•K. 


•A. 

240 

Air 

3 


; Hydrogen 

1.5 


j Carbon dioxide 

1.5 

200 

! Air 

3 


1 Hydrogen 

1 

1 

Carbon dioxide 

2 

170 

j Air 

4 


Hydrogen 

2 

145 1 

Hydrogen 

3.5 

90 i 

Air 

2 

! 

Hydrogen 

0 


wanii for 45 min. At this time readings on the two thermocouples showed 
the temperature of the bath to be 206.4°K. and that of the disks 205.1°K. 
In another experiment with air in the apparatus the bath, which had 
been thenuostatted for runs at 230.52'’K., was allowed to warm for 1 hr. 
and 15 min. The bath had then reached a temperature of 232.6°K., 
and the disks a temperature of 231.4®K. Other experiences with very 
rapid warming (1® per minute) showed a lag of 7® to 8® in the disk tem¬ 
peratures. 

Some confirmation of this explanation is found when the discrepancy 
between our results and those of Sutherland and Maass are put on a 
temperature basis. This is shown in table IS for air, hydrogen, and 
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carbon dioxide. The temperature differences are all of the correct sign 
to fit this explanation and those for air and carbon dioxide are of the 
correct order of magnitude to compare with our own observations with 
nitric oxide and with air. Also, as would be expected because of its 
higher thermal conductivity, the discrepancies with hydrogen (except 
for the 145®K. value) are distinctly lower than those with air. 

SUMMARY 

An apparatus patterned after that of Sutherland and Maass, for ac¬ 
curate measurement of gaseous viscosities, is deserilx^d. The chief im¬ 
provements, from the point of improved accuracy, are the introduction 
of a thermocouple soldered directly to the disk assembly and the use of a 
thermostatted bath. The introduction of brass springs to hold the fixed 
disks in place and the removal of the hook and slotted eyelet to the bottom 
of the suspension wire increase th(‘. ease of assembling and operating the 
apparatus and of making replacement of the suspension wire. 

Variations were observed in the wire constant and arc attributed to 

(1) work hardening of the metal and (2) the influence of glass working 
adjacent to the apparatus. 

Viscosities relative to air at 296.1 ®K. (1833.0 X 10“' poises) have been 
measured for hydrogen, air, oxygen, nitrogen, nitric oxide, nitrous oxide, 
carbon dioxide, and methane. Viscosities w(^rc measured at approximate 
10° or 15° intervals from 90°K., or the boiling points of the respective 
gases, to 300°K. A table of smoothed values, read from large-scale 
graphs at even 10° intervals, is included. These values are believed 
accurate to from 0.3 per cent at 300°K. to 0.7 per C(mt or 0.8 per cent in 
the most unfavorable cases at low temperatures. 

The data are graphed, and comparisons are givcm with the results by 
other investigators. 

The authors are grateful to Mr. L. H. Boohtu*, who assembled and 
calibrated the preliminary form of the apparatus; to Professor 0. Maass, 
who kindly communicated details of construction omitted from his publi¬ 
cation; to the Bell Telephone Laboratories, which contributed the permal¬ 
loy needed for shielding; and to Mr. R. B. Leonard, the University glass 
blower, and Mr. John Betz, the i^hop technician, for skillful fabrication 
of the apparatus. 
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The present work was undertaken as the first step in a systematic survey 
of the phase rule behavior of soaps in organic solvents.^ This report 

^ Presented at the Seventeenth Colloid Symposium, held at Ann Arbor, Michigan, 
June 6~8, 1940. 

> For previous work on sodium soaps and organic liquids see references 3,11,13,6, 
10,1, 4, 18, and 22. 
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includes the determination of solubility curves of anhydrous sodium pal- 
mitate in glycerol, diethylene glycol, Nujol, n-hcptano, isopropyl alcohol, 
and palmitic acid, and a few observations with carbon tetrachloride. The 
different systems are characterized w^ith respect to their appearance and 
nature at different temperatures, and an effort is made to correlate the 
type of solubility curve obtained, and the presence or absence of certain 
phases, with the physicochemical characteristics of the different solvents. 
The observ’^ed phenomena are interpreted for the most part in terms of the 
occurrence of a number of phase changes rather than by means of the less 
precise concepts of swelling and gel formation. 

In the aqueous soap systems which have been tixtensively studied, both 
as to phase rule behavior (8, 15, 19, 20) and colloidal nature of the solu¬ 
tions (7), sim})lc ions and other charged particles are always present, and 
their properties are important in explanations of the stability and bc^havior 
of the systems. Since soap in organic liquids forms colloidal systems in 
many instances in the absence of ions, as shown by the occurrence in these 
systems of jellies, gels, liquid crystalline phases, and syneresis, the non¬ 
ionic factors must be emphasized in explaining the observed phenomena. 
Technically, syst^ems (‘ontaining soaps and organic liquids arc important 
in such products as greases, shaving creams, and dry cleaning fluids. 

TECHNIQUE 

Thi* techniciue (mployetl in this ^^ ork was very similar to that previously 
used in the study of atpieous systems (19, 9). Systems of any desired 
composition w'ere prepared by w^(dghing out the requisite amount of soap 
and solvent into thick-walled Pyi’cx tubes, taking care to prevent ingress 
of w^ater by using contaimers protected by cahuum (diloride tubes. These 
tubes w'cre then sealed and heated in a small electric oven until the con¬ 
tents were completely melted to a homogeneous isotropic liquid. They 
were then cooled slowly, Ix'ing watched between crossed polaroids, until 
anisotropic material first began to form, this temperature being noted and 
designated as T,. With more dilute systems, where some kind of waxy 
material w^as the separating phase rather than translucent liquid crystal, 
it was nec(\ssary to determine the temperature of the phase boundaiy by 
slow' heating, or by allowing the system to stand successively at each of 
several increasing temperatures, since results obtained on cooling are 
frequently erroneously low% owing to undercooling. These valuivs an' 
referred to as Tu. Many of the systems contained a small amount of an 
insoluble flocculent white precipitate (possibly an impurity of sodium 
carbonate in the soap), which sometimes tended to obscure the end point. 

A few additional phase boundaries were determined in the glycerol 
system. Close inspection as the temperature was slowdy raised located the 
temperature at which concentrated systems changed from opaque waxy 
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material to translucent liquid crystal, designated as the curve in figure 
3. Some systems involving ‘^superneat soap,^' located under the hump 
in the Ti curve, separated into two layers on standing, liquid crystal on 
top and isotropic liquid on the bottom, thereby permitting approximate 
calculation of the compositions of the equilibrium phases from the relative 
volumes of the layers and the known total composition of the system. 
With four different tubes, the calculated composition of the liquid crystal¬ 
line phase agreed within 3 per cent, well within the uncertainty of the 
relatively crude method employed, showing that the phase rule applies to 
the system in its conventional form, there being no effect on the equilibrium 
of changes in the concentration or in the absolute amount of systems whose 
compositions fall on the same tic line. 

All systems were examined as they cooled from isotropic solution to 
room temperature, and an effort was made to detect any changes in appear¬ 
ance. Although these observations were not made sufficiently carefully 
to determine transition temperatures, even assuming the changes in 
appearance would be marked enough to make this possible, they do suffice 
to give a qualitative picture of the phenomena which occur on cooling. 

The appearance of all systems was also noted aftei^ various lengths 
of time at room temperatures and was found to remain essentially un¬ 
changed. Since these observations were made on 5-g. systems, in 12-mm. 
diameter glass tubes, cooled from isotropic solution to room temperature 
in about half an hour, it is possible that undercooling or suspended trans- 
fomiation may have occurred in some instances. Larger samples, cooled 
more slowly, consequently might not always have the same appearance. 
The slight color of the systems may be due to their exposure to high 
temperatures. 


MATERIALS 

The sodium palmitate was the same preparation used in previous work 
(21). It was dried for 1 hr. at 105®C., before use. 

The glycerol was a Baker and Adamson product of reagent quality; it 
was twice distilled under vacuum from barium oxide, only the central 
portion being kept; for the glycerol = 1.4735. 

The diethylene glycol was of the Eastman Kodak Company's best 
quality; it was twice distilled under vacuum, and only the central portion, 
Wd®* = 1.4472, was retained. 

Nujol, a medicinal paraffin oil produced under carefully controlled 
specifications, was the usual commercial product obtained at drug stores. 
It was used without purification. 

The palmitic acid was Kahlbaum’s best product and melted at 62.6®C. 
It was dried for 5 days over phosphorus pentoxide. 

The isopropyl alcohol was an especially pure preparation obtained from 
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the Shell Development Company of Emeryville, California. It was dried 
for 4 days with calcium oxide before use. 

The n-heptane was of the Eastman Kodak Company's better quality, 
and was used without further purification. 

The carbon tetrachloride was a Merck c.p. product. It was distilled 
before use, the central portion being retained; = 1.4607. 

RESULTS 

Appearance 

Above 85 to 90 per cent soap all systems, regardless of the nature of 
the solvent, act rather like pure sodium palmitate. The isotropic solu¬ 
tions are slightly yellow and flow like a medium engine oil. The phase 
which forms first on cooling is a translucent liquid crystalline material, 
very bright between crossed polaroids, with a ^*wavy^^ elongated cellular 
structure resembling anhydrous neat soap. On fui-thcr cooling, the sys¬ 
tems become somewhat more opaque, having a rather waxy appearance. 
At lower temperatures they becomtj entirely opaque and form a hard, 
nearly white mass which shrinks away from the glass walls of the tube. 
Although the phase changes known to occur in anhydrous sodium palmi¬ 
tate must persist to a certain extent into the binary systems, the present 
observations are inade( 4 uate to indicate their presence or absence. 

The changes observed on cooling more dilute systems differ considerably 
from solvent to solvent. In general, the viscosity of the isotropic solutions 
(containing up to about 60 per cent soap) is not markedly greater than 
that of the solvents. The foaming power of the different solutions de¬ 
creases in the order water, glycerol, diethylenc' glycol, isopropyl alcohol, 
Nujol, and heptane, being marked foi- water, slight for glycerol, and nearly 
absent for the others. 

Usually the phase first fornu'd on cooling systems containing less than 
30 per cent soap is semi-translucent, anisotropic, soft, waxy material, 
somewhat resembling .softened paraffin, (^n furtluu- cooling thi.s changes 
first to a moi’(' opaque, less gray, harder wax-lik(? aggregate, and finally 
to a very much whiter, more compact, completely opaque solid. 

At room temperature the general appearance was rather similar in all 
the systems, although there were certain characteristic differences from 
solvent to solvent. Those containing less than about 30 per cent soap are 
usually anisotropi(‘ semi-transparent gels. With glycerol and dicthylcnc 
glycol they somew'hat resemble gelatin jellies, except for a slight yellow' 
color and the absence of visible elasticity. After several months these 
become less translucent, possibly indicating incipient crystallization. 
The diethylene glycol gels are considerably less transparent than the 
glycerol gels. With the other solvents the gels look more like an aging 
silica gel. There w’as very extensive .syneresis in the case of the Nujol, 
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heptane, and isopropyl alcohol systems, but little or none with other sol- 
vents. With increasing concentration the cloudiness increased and the 
systems became less translucent. 

Between 20 to 80 per cent soap the appearance was usually that of a 
moist wax-like material of uniform consistency (like a solid ointment) 
in contact with the glass, frequently having imbedded in it patches of 
harder, drier, whiter material at the higher soap concentrations. Con¬ 
centrated systems all consist of relatively hard dry lumps which, on jar¬ 
ring, often break apart. 

Phenomena near the critical temperature 

As the temperature of a heptane system containing up to 36 per cent 
sodium palmitatc approaches the critical temperature of he^ptane, the* 
system first becomes homogeneous isotropic liquid at the temi)erature of 
the Tto curve, and then the solution separates into two immiscible isotropic 
liquid layers, both containing soap. At a still higher temperature, appai - 
ently slightly higher than the critical temperature of pure heptane (267®C^.), 
the upper layer vaporizes but the lower layf*i’ apparently remains un¬ 
changed. 


Solubilities 

The quantitative results of this investigation an* (*mbodied in figur(*s 
1 and 2, which show the solubility curves for each system, giving the 
temperatures to which any mixture must be heatt*d to obtain a homo¬ 
geneous isotropic solution. Results on sodium ])almitatc and water arc' 
from McBain, Lazarus, and Fitter (12) and from McBain, Void, and Frick 
(14); those with sodium palmitatc and palmitic acid at less than 70 per cc'iit 
soap are from McBain and Field (10). Figure 1 is plotted using weight 
per cent, since this is more nearly representative of the proportions in 
these systems than is the more customary mole fraction. A system w^hich 
is 50 weight per cent soap would have a volume about double that of the 
solvent therein, even though the mole fraction of the soap is only about 
0.05. The data are plotted on a mole fraction basis in figure 2, in order to 
show the great distortion due to the widely different molecular weights of 
soap and solvents, and to illustrate the apparent differences in relative 
solubility relations. The following discussion is in terms of figure 1. 

In order to permit a more convenient comparison of the solubilities in 
the different solvents, values at representative temperatures and composi¬ 
tions are assembled in table 1. 

These figures show clearly that at room temperature and even at mod** 
erately high temperatures (up to 50®C.) sodium palmitate is only very 
slightly soluble in any of the solvents here studied. At higher tempera¬ 
tures (100®C.) the differences in solubility are striking. In water and in 
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WEIGHT PER CENT SODIUM PALMITATE 
Fig. 1. Solubility curves of sodium palmitate in various solvents. Squares are 
Ti points; circles are points. B ©, heptane; □ O, Nujol; CD 0, isopropyl alcohol; 
13 C, diethylene glycol; ffl®, glycerol; ■#, palmitic acid; transition tempera¬ 
tures of anhydrous sodium palmitate. 

glycerol the solubility is relatively high. The same is true of palmitic 
acid, as would be expected from the fact that palmitic acid and sodium 
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palmitate tend to react to form various acid soaps (10). The solubility- 
in diethylene glycol and isopropyl alcohol is considerably smaller, while the 



MOLE FRACTION SODIUM PALMITATE 

Fio. 2. Solubility curves of sodium palmitate in various solvents. ▲, transition 
temperatures of anhydrous sodium palmitate. 

hydrocarbons Nujol and heptane dissolve so little soap, even at 100°C., 
that it cannot be accurately determined from the present curves. 





WEIGHT PER CENT SODIUM PALMITATE 
Fio. 3. Phase behavior of sodium palmitate and glycerol.^ T.; O, Tw. 7\ 
points on transition to a liquid crystalline phase; 0 , compositions calculated from 
the amounts of the separated phases; transition temperatures of anhydrous 
sodium palmitate. 


• An additional dotted boundary is shown below the Tw curve with glycerol sys¬ 
tems containing from 10 to 40 per cent of sodium palmitate. With sufiiciently slow 
cooling a nearly invisible “honeycomb" structure develops at the upper curve and 
the material sets to a stiff gel, very faintly anisotropic under the polarizing micro¬ 
scope. On more rapid cooling no change is noted until the lower boundary is reached, 
at which temperature the formation of translucent, macroscopically anisotropic 
material occurs. On heating, the systems change only slightly until they become 
isotropic at the temperature of the upper curve. Three systems were studied dilato- 
metrically and showed changes in slope agreeing within one degree with the full 
curve. There were also changes in slope at lower temperatures in the vicinity of, 
but not on, the dotted curve. Samples which stand a few minutes at temperatures 
between the two curves develop nearly transparent small spherulites, 1 to 4 mm, in 
diameter, which show dark interference crosses between crossed polaroids. 
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The same general picture emerges if the values of T, at a given composi¬ 
tion are taken as a measure of the mutual miscibility of the soap with the 
various solvents. At lower concentrations, mixtures of sodium palmitate 
with the polar hydroxylic solvents water, glycerol, and diethylene glycol 
- all dissolve to form isotropic solutions below 100®C, Isopropyl alcohol 
occupies an intermediate position, while very high temperatures are 
required to bring about solution in the hydrocarbons. At higher soap 
concentrations the temperatures of formation of isotropic solution are 
all high and roughly comparable, independent of the solvent, suggesting 
that in these regions the structure of the liquid crystalline or waxy phase, 


TABLE 1 

Solubility of sodium palmitate in various solvents 





tbupbratubb op 

PORMATION OF 
IBOTBOPIO 80LUTI0K 

STSTBU 

SOLUBILITY 1 

SOLUBILITY 

WHEN NaP CON- 

AT 60“C. ! 

AT 100“C. 

CENTRATION IS 




10 per 

40 per 

80 per 




cent 

cent 

cent 


weight pet cent 

weight per cent 

V, 

“C. 

•c. 

Sodium palmitate-water.... 

ca, 1.0 

29.9 

66 

164 

283 

Sodium palmitatc-palmitic acid. 

Insoluble 

44.5 

66 

88 

278 

Sodium palmitate-glycerol . I 

ca, 1.0 

24.0 

84 

115 

275 

Sodium palmitate-diethylene glycol. 

ca. 1.5 

13.5 

91 

151 

182 

Sodium palmitate-isopropyl alcohol. 

ca. 0.6 

ca, 1.8 

137 

160 

208 

Sodium palmitate-Nujol . 

Nearly in¬ 

Very slightly 

236 

245 

257 


soluble 

soluble 




Sodium palmitate-heptane 

Nearly in¬ 

Very slightly 

244 

260 

269 


soluble 

soluble 




Sodium palmitate-carbon tetra¬ 






chloride . 

When the 

concentration 

is 8.9 ner 

cent 


sodium palmitate, Ti » ca, 115°C. 


determined by the soap, is the dominant factor which controls melting’ 
rather than the constants of the various solvents. 

In five out of the seven solvents the solubilities bear no relation to the 
melting point of palmitic acid, 62.6® C., the so-called Krafft point. In¬ 
stead, for 10 per cent solution, the temperatures of complete solution 
range upwards from 66® to 244® C. This and the fact that any corre¬ 
spondence in aqueous solutions is confined only to sodium soaps would 
seem to rob the Krafft point of any significance except as to a progres¬ 
sive influence of the length of the hydrocarbon chain in an homologous 
series. 

Carbon tetrachloride is in a separate category from the others, since at 
high temperatures it reacts with sodium palmitate with decomposition 
and formation of tar. 
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DISCUSSION 

Relation between solubility and the chai actnistics of the solvents 

There is a general correlation between the polarity of the solvents and 
the solubility of sodium palmitate in them. If the dielectric constant itself 
is taken as the yardstick, it is evident from examination of the curves of 
figure 1 and the constants in table 2 that the more polar the liquid the 
greati'r its solvent powder for sodium palmitate. Thus the solubility curves 


TABLE 2 

Physicochemical constants of the solvents 


SOLVSNT 

AE/V 

AT 

<“C. 

M 

c 

AT 

nVt 

<r IN DYNES 
PER CM. 

AT 

i-c. 

Water 

iV)2‘ 

20 

1.85“ 

80.0“ 

20 

0.0428 

72.75' 

20 

Oleic acid 



1.7« 

2.45*- 

20 

1.18 

33.3® 


Glycerol 

279 

20 


45.8‘‘ 

20 


63.14* 

17 

Diothylene glycol 

140(?)« 

245« 


1 

1 



1 

Isopropyl alcohol 

128^ 

20 

1.58‘» 

18.^ 

1 20 

1 0.134 

21.7^ 

; 20 

Nujol 




ca. 2^ 



33.5‘i 

1 27 

Heptane 

54.0“ 

25 

0“ 

1 1.97‘‘ 

, 20 

0 

ca. 20* 

! 25 

Carbon tetrachloride.. 

72.9“ 

25 

0« 

j 2 24“' 

20 

0 

26.8* 

1 20 


Approximate values were obtained or calculated from the following sources: 

“Hildebrand, J. H.: Solubility of Non-electrolytes, Rcinhold Publishing Co., 
New York (1936). 

^ Petrohol. Standard Alcohol Co., New York (1939). 

° Moll, W. L. H, : Kolloid-Bcihefte 49 , 1 (1939). 

McBain, M. E. L., and Perry, L. H. : J. Am. Chem. Soc. 62 , 989 (1940). 

" Handbook of Chemistry and Physics. Chemical Rubber Publishing Company, 
Cleveland, Ohio (1936). 

^Lanoe: Handbook of Chemistry. Handbook Publishers, Inc., Sandusky, Ohio 
(1937). 

« Lawrie, j. W.: Glycerol and the Glycols. Chemical Catalog Company, Inc , 
New York (1928). 

International Critical Tables^ Vol. VI. McGraw-Hill Book Company, Inc , 
Now York (1929). 

J International Critical Tables^ Vol. II. McGraw-Hill Book Company, Inc.. 
New York (1927). 

for heptane and Nujol are at very high temperatures and that of isopropyl 
alcohol in an intennediate position, while those of w^ater and glycerol an^ at 
low temperatures. This dependence of solubility on polarity may be 
related to the possibility of secondary-valence, non-stoichiometric complex 
formation betwwn the polar solvent molecules and the dipole of the soap 
(5), although there is as yet no unambiguous evidence on this point. 

It is interesting that the polarity of the solvents should alone suffice' 
to arrange them in the', proper qualitative order with no eLxplicit considera¬ 
tion of the forces acting between solvent and solute molecules or of the 
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forces responsible for the formation of colloidal particles. Perhaps disre- 
i^ard of these factors is one of the reasons for the lack of quantitative 
correlation. 

Palmitic acid and carbon tetrachloride are exceptions, both having low 
dielectric constants, although they have relatively high solvent power for 
sodium palmitate. In the case of palmitic acid this must be due to the 
tendency toward formation of acid soaps at lower temperatures. Carbon 
tetrachloride also tends to react chemically with sodium palmitate. 

The order of solubilities is in accord also with the internal pressures 
(EIVy where E is the energy of vaporization at constant volume and Y 
the molar volume) of the different solvents, even though some are non- 
polar and some have permanent dipoles. Since the solubility is greatest 
in water and least in heptane, molten sodium palmitate itself must have a 
relatively high internal pressure. 

Moll (16), utilizing concepts of solubility which have been extensively 
developed for molecular solutions (2), found that, when values of o* (sur¬ 
face tension) and (the square of the dipole moment divided by the 
dielectric constant) were used as coordinates, all solvents having an appre¬ 
ciable action for each of such solutes as cellulose derivatives, polyvinyl 
acetate, rubber, etc., had constants placing them in the same region of the 
graph. This scheme does not appear to apply in the present instance, 
there being no apparent regularity between the i)ositions of the various 
liquids in a /x^/c verm^ a plot and the solvent action for sodium palmitate. 
Also, the solubilities are obviously not governed here by the value of the 
permanent dipole. 

Conclusions from the shape of the solubility curves 

It is possible to make some deductions concerning the phases present 
under the solubility curves from the appearance of the systems together 
with the shape of the curves themselves. For sodium palmitate and water, 
for example, the nearly perpendicular change in direction of the solubility 
curve at 26 per cent soap is caused by the change in the saturation phase 
from curd fiber to middle soap. The lower of the two maxima in the solu¬ 
bility curve is caused by the existence of the liquid crystalline solution 
])hase, i.e., middle soap, and the higher by another liquid crystalline 
solution phase, i.e., superneat soap. 

Examination of the curves from this point of view shows that water, 
palmitic acid, and glycerol all have a maximum which indicates the pres¬ 
ence, in these three systems, of a phase which may be termed superneat 
soap. The maximum temperature of existence of the phase in the three 
cases is 284®, 286®, and 275®C., respectively, indicating an approximately 
equal thermal stability independent of the solvent, and suggesting that 
here the structure of the liquid crystalline soap phase is of greater im¬ 
portance than the nature of the solvent. 
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The mtios of the molal compositions under the superneat maxima in the 
solubility curves are in rough correspondence with the ratio of the lengths 
of the solvent molecules, the relative compositions being 1:4.0:22.6 for 
palmitic acid, glycerol, and water, respectively (the actual values being 
0.199, 0.803, and 4.50 moles of solvent per mole of sodium palmitate), 
while the ratio of the lengths of water, glycerol, and palmitic acid molecules 
is 1:3.3:10.4 (calculated from atomic radii (17)). This shows that in 
superneat soap the association betw^een sodium palmitate and solvent 
cannot be a one-to-one molecular interaction between the dipole of the 
solvent and the carboxylate group of the soap. Possibly the structure is 
micellar, the solvent essentially merely filling the interstices between soap 
aggregates, more of the small molecules being n‘(]uired for this purpose 
than of the longer molecules. 

Only the cuiwe for water exhibits a second maximum attributable to 
middle soap. It may he significant in this (‘onnection that of all the sol¬ 
vents used water is the most polar, has the smallest molecule, and consti¬ 
tutes the most highly ionizing medium. 

Ferguson (1) has published a phase rule diagram showing middle soap 
in anhydrous glycerol, continuous in mixtures with aiiueous middle soap. 
This seemed surprising in view of its apparent absence in the system sodium 
palmitate “glycerol, even though a sample containing 34.4 per cent sodium 
palmitate, 32.9 per cent glycerol, and 32.7 per cent water did have a phase 
having the typical stiffness and relative transparency of a(|ueous middle 
soap, (''onsecpiently a vsample was made up containing 36.1 per cent 
sodium tallow soap (obtained from the National Oil Pioducts Company) 
and 63.9 per cent anhydrous glycerol, melted to isotroj)i(‘ liquid, and then 
placed in a thermostat, at 90°C. It was a great deal more turbid than 
aqueous middle soap and seemed to contain dispersed, yellow-white, soft 
wax-like material, although according to Ferguson's diagram only middle 
soap and isotropic liquid should have been present. Likewise a system 
w^hich should have been homogeneous middle soap (46.6 per cent tallow^ 
soap, 53.4 per cent glycerol) had a similar turbid appearance. The dis¬ 
crepancy may be one of degree rather than kind, but it requires further 
investigation. 

The solubility curve of sodium palmitate in isopropyl alcohol has a 
number of sharp inflections. The changes in the satui'ation phase rcvsponsi- 
ble for these inflections may be related to phase transitions of the non- 
solvated soap, since their temperatures are close to those of the transitions 
of anhydrous sodium palmitate. 

Jellies, gels, and syneresis 

For about 10®C. above the solubility curve, Nujol and heptane solutions 
containing less than about 25 per cent sodium palmitate, although them¬ 
selves isotropic and flowing freely, flash bright between crossed polaroids 
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when the tube is tapped, thereby demonstrating the existence of a strain 
anisotropy. Consequently, even though aggregation has not gone far 
enough to form a firm jelly or to constitute a second phase in the sense of 
the phase rule, the sodium palmitate molecules or micelles cannot be inde¬ 
pendent in the solution, but must be associated into some type of loose, 
ramifying structure. 

The solubility curve appears to mark a classical phase change since, on 
heating, systems chang(‘ reproducibly at this temperature from anisotropic 
gel to isotropic liquid. With more dilute systems, values obtained on 
cooling were generally 5 to 10®C. lower than the curve, but these values 
wer(j not reproducible', suggesting that the difference is due to simple 
undercooling. In the case of the more dilute systems the foniiation of the 
anisotropic gel immobilizing all the solvent would seem therefore to b(^ 
due to formation of a second phase in a finely divided form, possibly in 
more orderly structure, with a large adsorptive surface. 

At lower temperatures syneresis occurs, some of the j)ieviously immo¬ 
bilized solvent being released. This indicates that there must have bet'ii 
an increase in the average particle size or in tlu' compactness of the struc¬ 
ture. Whether this is due to a gradual “ripening’’ of the* aggregate or to 
further phase changes undergone on cooling, as Lawren(*(' suggests for very 
dilute Nujol systems (4), cannot be deteimined without further inves¬ 
tigation. 


SUMMARY 

Solubility curves have* been determined over the whole range of tem¬ 
perature and composition foi* anhydrous sodium ])almitate in each of the 
following solvents: palmitic acid, glycerol, diethylene glycol, isopropyl 
alcohol, Nujol, and heptane. At sufficiently high temperatures the soap is 
completely miscible in all proportions with these solvents, but at lower 
temperatures anisotropic gels, liquid crystalline phases, and wax-like or 
crystalline phases are formed. 

The solubility depends on the internal pressure and polarity of the sol¬ 
vents, higher temperatures being required in general to bring about com¬ 
plete solution in the non-polar than in the polar liquids. 

No phase completely analogous to aqueous middle soap was found in any 
of the organic liquids studied. A phase resembling aqueous superneat soap 
was found with palmitic acid and glycerol, but not with the loss polar 
solvents. 
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Although attempts to determine concentrations by capillary adsorption 
methods have been made by Holmgren (10) and by Schmidt (21), little 
has been done along this line in the case of capillary luminescence analysis. 
Guyot (8) used the term “Quantitative Research” as applied to the deter¬ 
mination of color and intensity of fluorescence, and Ncugebaucr (13) stated 
that he would publish methods for the determination of concentrations 
using the methods of capillary fluorescence analysis. This question has 
also been considered by Eisenbrand (1, 3). 

Since the methods of capillary luminescence analysis are known to be 
valuable in identifying traces of material (4), it seemed worth while to 
study the quantitative aspects more closely by means of a direct vision 

^ Presented at the Seventeenth Colloid Symposium, held at Ann Arbor, Michigan, 
June 6-8, 1940. 
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fluorometer develoiKjd in this laboratory (5). The preparation of repro¬ 
ducible capillarized strips has been the subject of very extensive investiga¬ 
tion in the pioneer work of Schoenbein (23) and of Goppelsroeder (6, 7) and 
in the more recent work of Platz (16), Neugebauer (12), Heinrici (9), 
and Rojalin (19). The factors involved include the nature of the solvent, 
the type of paper, the direction of cutting, the depth of immersion, the 
shape of the container, the concentration of the solution, the quantity of 
the solution, air currents, temperature, pressure, humidity (or degree of 
saturation of solvent vapors around the paper and above the solution), and 
illumination (in the case of photoactive substances). 

After studying the characteristics of various papers, including their own 
fluorescence, it was found that for our work the C-arl Schleicher and 
Schiill paper No. 598 was most suitable. The height to which a given 
liquid will rise in a given paper depends u])on i\iv rate at which the liquid 
evaporates from the pajicr. If the container is sealed, the liquid will rise 
to the top of the paper. By changing tlie rate of ex aporation by suitable 
means, one may obtain anything from very sharply defined to very broad 
washed out” bands, as pointed out by various investigators (15, 18, 22, 
14, 17, 18, 20). In one set of experiments the strip of paper was attached 
to the cork which (‘loscd the top of the cylinder, and the bottom xvas 
allowed to dip into 0.5 per cent solutions of phenanthrene, ])yrcne, and 
colchicine in acetone. When eapillarization was allowed to continue in 
this way at constant temperature for 8 to 10 hr., the liquid rose to the top 
of the paper and most of the fluorescent material was deposited on the* 
stopper. When eapillarization was stopped before the liquid had reached 
the top, very little liquid had risen in the paper, and the fluorescent bands 
were faint. With more dilute' solutions, the concentration of material in 
the bands was too low for definite tests. 

The aim of the present work was to prepare a series of strips capillarized 
• in a series of concentrations of the same compound or group of compoujids 
in the same solvent in order to determine if there was any relation between 
concentration and the width, intensity, or position of the band. It was 
therefore decided to prepare each set of strips simultaneously and thus 
eliminate differences arising from variable external conditions such as 
temperature and pressure. Thus the strips in a given series should be 
comparable, even though they might not necessarily be comparable 
between sets. The work was carried out in a dark room in which the 
maximum temperature variation during a 12-hr. period at night was found 
to be 2®C., provided no one entered the room and the ventilation fan was 
off. Seven 10 x 40 cm. glass cylinders were used. Uniform 50-cc. glass 
beakers were placed in the bottom of the cylinders. Ten cubic centimeters 
of a solution containing 0.00025 g, of phenanthrene in 100 cc. of carbon 
tetrachloride was placed in each of the seven beakers, and strips were 
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suspended, by means of a support at the top of each cylinder, so as just 
to touch the bottom of the beakers, the cylinders being left open to the 
air. Over a period of 8 hi*, the solutions were completely absorbed and 
the solvent had evaporated, leaving the strips dry. Under these condi¬ 
tions all the strips showed the blue fluorescent band of phenanthrene 
about 17 cm. from the bottom of the paper. The bands were uniform in 
color and intensity as shown by the fluorometer, the only variation being 
that the position of the peak of the band showed a maximum shift of 
about 3 mm. as measured from the bottom of the* impor. Strips from 
different series showed a slightly greater variation. Although every pre¬ 
caution was taken to clean ()ipets and beakers thoroughly, an occasional 
strij) was found to be entir(*ly different from the n»st. However, such 
occurrences were infrequent, (*ould be easily detected under the ultraviolet 
lamp, and serve to show the extrenu' sensitivity of the method. 

Tn making fluorometer measurements, a horizontally ])laced slit with 
variable width was used. The length of the slit was thus placed across 
the 2 cm. width of the paper, which was susceptible to verti(‘al motion. 
In this work the slit width was adjusted to 5 mm., so that the entire 
lengtVi of the strip was vi(»wed by the photocell in succ('ssi\ e sections 2 cm. 
wide and 0.5 (*m. high. Thus the centers of successive* arenas measured 
wen* 0.5 cm. a[)art. Under these conditions, tlu* sum of the individual 
galvanometer deflections is proportional to the total fluorescence energy 
of the entire strij). If the deflection given by the blank paper is subtracted 
from each reading, then the sum of the residual deflections is proportional 
to the total fluorescence energy of the adsorbed material on the strip. 
Rather than cal(3ulate the sum of the net ordinates, we may merely obtain 
the area under the (*urve, which will also be proportional to the total 
(?nergy. The ad\ antagt* of this is that it will not be necessary to take 
readings on every 0.5 cm., nor will the strips viewed have to be adjacent. 
They may overlap or, in cas(» the intensity is varying gradually and uni- 
foimly along the length, they may be separated by finite intervals. All 
that is necessary is to know the exact position of the center of the slit 
from the lower end and to keep the slit width constant. When curves 
of this nature were plotted for the series of strijis prodiu^ed by the same 
concentrations, the areas were sensibly constant, although the peak of 
the band was not always at the same place, as shown in figure 1. 

In order to see what possible relation existed between curves of this 
nature when the concentration was a variable, scries of different concen¬ 
trations of different materials were made up by dilution such that the 
concentrations varied in the order of 1, 1/2, 1/4, 1/8, 1/16, etc. Thus, 
starting with a solution containing 0.1 g. of phenyl-alpha-naphthylamine 
in 100 cc. of acetone, dilutions were made so as to give a series of concen¬ 
trations of 0.1,0.05,0.025,0.0125,0,00625, and 0.00312 g. per liter. When 
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filter paper strips were treated as described above with equal volumes of 
solutions of these concentrations, and fluorometer readings were taken, 
the series of curves shown in figure 2 was obtained. The areas under these 
curves increase progressively as the concentration increases, yet it is 
obvious that, although the area under curve 5 is approximately double 
the area under curve 6, the area under curve 1 is far from being double 
that under curve 2. The readings of intensities were made as rapidly as 
possible after the strips had been permitted to dry in the air and in the 
dark. Phenyl-alpha-naphthylamine was found to be quite photoactive, 



DISTANCE ALONO STRIP IN CM DISTANCE AUONG STRIP IN CM 

Fig. 1 Fig. 2 

Fig. 1. Fluorescence intensities along capillary strips prepared from carbon 
tetrachloride solutions containing 0.00025 g. of phenanthrenc per cubic centimeter. 

Fig. 2. Fluorescence intensities along capillary strips of phenyl-alpha-naphthyl- 
amine series. Acetone solutions. Curve 1, 0.001 g. per cubic centimeter; curve 2, 
0.0005 g. per cubic centimeter; curve 3, 0.00025 g. per cubic centimeter; curve 4, 
0.000125 g. per cubic centimeter; curve 5, 0.0000625 g. per cubic centimeter; curve 6, 
0.0000312 g. per cubic centimeter. 

and the galvanometer readings fell off rapidly as a given section was being 
exposed to ultraviolet light. In a short time a distinct darkening of the 
fluorescence on the exposed area could be detected. When this series was 
run, no reference standard was used, but readings were made at approxi¬ 
mately the same line voltage on the lamp, in order to keep its light intensity 
constant. As shown by later work, this was not as satisfactory as adjust¬ 
ing the voltage so as to give the same galvanometer reading when a stand¬ 
ard barium platinocyanide powder was placed over the slit in front of 
the fluorometer. 
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The supposition that the energy of fluorescence will be proportional to 
the concentration rests on the assumption that all or a definite fraction 
of the material is exposed to the ultraviolet light. This holds true only 
on condition that the adsorbed fluorescent material is deposited in a very 
thin layer of microcrystals. If the crystals tend to become large, then the 
surface exposed to ultraviolet light is no longer proportional to the con¬ 
centration. This offers one possi!)le explanation of tlu* area under curve 1 
of figui*(* 2 not being double that under curve 2. The nature of the filter 
pai)er might easily have an important action in the dct(^rmination of the 
grain size, so that a paper might be found whic^h would yield the area ratio 
desin'd even for these concentrations. It is, however, obvious that such 
a r(‘lation can be anticipated only for low concentrations or for small 
amounts of solution in the case of higher concentrations. 

Another interesting point in figure 2 is th(* fact that there are two bands 
of the same fluorescence color from a solution presumably containing a 
single compound. Three* possible causes for this may lx* advanced. The 
first is that the phenyl-alpha-naphthylamine used contained a highly 
fluoi(*scent impurity. Howewer, a more probable explanation is that the 
compound oxidized in part on exposure to the air in the* presence of the 
solvc'iit and as a result deposited in two places. Both of these possibilities 
are being checked at the i)resent time, the latter by performing the experi¬ 
ment in an atmosphere of hydrogen. Other solvents an* also being tried 
to determine what effect they have on the number and position of these 
bands. A third possibility which presents itself is that the phenyl-alpha- 
naphthylamine is adsorbed in the lower band, and that the unadsorbed 
material is carried on by the solvent to the higher point, where i)recipita- 
tion results from more rapid evaporation of solvent or from causes similar 
to those prodiunng rhythmic precipitation in Liesegang rings. 

Pyrene dissolved in acetone acts somewhat like phenyl-alpha-naphtbyl- 
amine, as is shown in figure 3. In this case most of the fluorescent material 
is carried to a position near the end of the paper, where it is deposited in 
a very narrow, bright blue band. 

The violet fluorescence band produced by fluorene dissolved in chloro¬ 
form is shown graphically in figure 4. Although the character of the band 
is similar to that of pyrene, being deposited far up on the strip, it is never¬ 
theless located somewhat below the capillary limit of the solvent. The 
small hump to the right of the high peak is the result of the extraction of 
fluorescent material from the paper and is present in all strips just as it is 
when pure solvent rises in the paper. It is always located at the upper 
limit to which the solvent rises. In a number of cases where this band is 
sharply defined and widely separated from that of the solute, it is not 
shown in the curves. It has been included, however, in several cases to 
show its general nature. 
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Phenanthrene dissolved in acetone yields a single blue fluorescence band. 
As shown in figure 5, these bands all start at practically the same distance 
from the base and increase both in width and intensity as the concentration 
increases. Areas under these curves, as determined with a planimeter, 



DISTANCE ALONG STRIP IN CM 

Fig. 3. Fluorescence intensities along capillary strips of pyrene series. Acetone 
solutions. Curve 1, 0.0008 g. per cubic centimeter; curve 2, 0.0004 g. per cubic 
cehtimeter; curve 3,0.0002 g. per cubic centimeter; curve 4, 0.0001 g. per cubic centi¬ 
meter; curve 5,0.00005 g. per cubic centimeter. 



Distance along strip in cm 

Fig. 4. Fluorescence intensities along capillary strips of fluorene series. Chloro¬ 
form solutions. Curve 1, 0.008 g. per cubic centimeter; curve 2, 0.004 g. per cubic 
centimeter; curve 3, 0.002 g. per cubic centimeter; curve 4, 0.001 g. per cubic cen¬ 
timeter. 


are in the same ratio as the concentrations, showing that in this case, at 
least in the range of concentrations considered, there is a quantitative 
relation between the total intensity of fluorescence radiation and the 
concentration of the original solution. 

Salol dissolved in acetone possesses a weaker fluorescence than the 





QUANTITATIVE CAPILLARY LUMINESCENCE ANALYSIS 


1077 


materials previously described. Accordingly 20-cc. samples were used in 
order to obtain higher intensities. The principal band shows a tendency 
to have two })eaks. The peak of rather (constant height at the right in 
figure 6 is again the result of extraction from the paper, and was also 
o])tained when pure acetone was allowed to rise in the ])a})er. 

Berberine sulfate shows an intense yellow fluorescence, so that only 
very low concentrations were necessary to ])rodiice brilliant bands. The 
fact that these bands start with the maximum intensity at the base of 
the strip, as seen in ligun‘ 7, probably can be exi)lained by its very low 



Fki. 5 Fid. 6 


Fid. 5. Fluorcsccnro intoiusitics along capillary strips of phcnanthrcnc scries. 
Acetone solutions. Curve 1,0 001 g. per cubic centimeter; curve 2, 0 0005 g per.cubic 
centimeter; curve 3, 0.00025 g. per cubic centimeter. 

Fid. 6. Fluorescence intensities along <*apillary strips of salol series. Acetone 
solutions. Curve 1, 0.002 g. per cubic centimeter; curve 2, 0 001 g per cubic centi¬ 
meter; curve 3, 0.0005 g. per cubic centimeter. 

solubility in chloroform. The narrow band at the right is again the result 
of the extraction of fluorescent material from the paper by the solvent. 
(Capillary strips made with berberine sulfate are very stable, so that meas- 
ur(^nu‘nts madi^ o\^(t a pc'riod of weeks showed little decrease in fluorescence 
intensity. 

Any attempt at a dc'termination of concentrations by capillary lumines- 
ceiK^e analysis will have to deal with solutions containing, in general, more 
than one substance in solution. One or more than one of these may 
fluoresce in filtered ultraviolet light. If the fluon'scence bands of several 
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DISTANCE ALONG STRIP IN CM 

Fig. 7, Fluorcsccned intensities along capillary strips of herherine sulfate stuies. 
Chloroform solutions. Curve 1, 0.0003 g. per cubic centimeter; curve 2, 0.00015 g. 
pel cubic centimeter; curve 3, 0.000075 g. per cubic centimeter: curv(‘ 1, 0.000037 g 
jier (*ubie centimeter. 



DISTANCE ALONG STRIP IN CM 

Fig. 8 . Fluorescence intensities along capillary strips of plienanthrene-berberine 
sulfate series. Chloroform solutions. 



PHENANTHUENE 

BERBERINE BULFATB 


g, per cc. 

(/. per ce. 

Curve 1 

0.001 

0.00015 

Curve 2 

0.0005 

0 000075 

Curves. ... ... 

0.00025 

0.000037 

Curve 4. 

0.00012 

0 000018 


(ionstituents overlap, then a spectroscopic resolution of th(^ superimposed 
bands is probably the simplest method of identifying the individual con- 
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stitucnts (13, 16, 2). If, on the other hand, the individual constituents 
give their characteristic* bands in distinct positions on the papcu*, then the 
lusolution has been accomplished by the vcTy nature of th(' method. 

The latter case frcMpiently pr(‘sents itself and is shown by figures 8 and 9. 
When the solution contains two c()ni]>ounds showing widely differing ad¬ 
sorption characteristics, su(‘h as phcmanthrcuu* and b(*rb(*rine sulfate, then 
the bands ai-e widc'ly separatc'd and app(*ar practically llu* same* as they do 
from solutions of th(' p\in' constituents. This cas(' is shown for th(*se two 
substances dissolved in chloroform in figure 8, tlu* conc('iitrations of (‘ach 
being varied in the* same* proportion. Salol, whiedi giA e's a band ne*ar the* 



cVSlANCr ALONf.^ SIR P IN cM 

Fkj. 0. Fluorescence intensities alenijj: capillarv strips of })henanthren(j -smIoI 
scries. Acetone solutions. 


Curve ] 
C'urvc 2 
Curve 3 
Curve 4 


1 PHJENANTUKF.NK 


SALOL 


«/. per cc. 
0.0008 
0.0004 
0.0002 
0.0001 


(j. per cc, 
0 0002 
0 0004 
0.0008 
0 0016 


center e)f the capillary aiua, can be s(*i)arate*d fre)m all the other compounds 
tried whie*li give bands at the te)p or bottom e)f the strip. On the other 
hand, compounds which form bands in approximately the same* pe)sitie)n 
e^an not in gene*ral be separated when prese*nt in the* same* se)lutie)n. Thus 
pyrene alone givers an intense narrow band at the top e)f the e^apillary zone, 
while phenanthrene gives a Avider, less bright band in abe)ut the same* 
position. Whe*n these twe) substance*s were capillarized fre)m the^ same 
solutie)!!, keeping the concentration of ])henanthrene e*onstant and varying 
the concentration e)f pyreuie, a series of single maximum euirves was 
obtained which might just as well have* represented a series of a single 
ce)mponent. 
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Figure 9 represents the results obtained from acetone solutions of salol 
and phcnanthrene. In this series the concentration of phcnanthrene was 
decreased, while that of salol was increased. Here the maxima repre¬ 
senting the phcnanthrene bands differ from those of the single component 
by virtue of the addition of intensities of fluorescence of the two com¬ 
ponents. In curve 4 of figure 9, representing the highest concentration 
of salol and the lowest of phcnanthrene, the two separate maxima of the 
former are observed at A and B as in figure 6 for pure salol, where the 
concentrations were higher than in figure 9. The maximum at point C 
represents the phcnanthrene band, and D is the band resulting from extrac¬ 
tion of the filter paper by the acetone. In curves 1, 2, and 3 this hum]) 
was obscured by the intense phcnanthrene band. 

SUMMARY 

The above series of cxf)eriments shows the feasibility of the application 
of the methods of capillary luminescence analysis to the quantitative detc^r- 
mination of concentrations, within certain limits, of very dilute solutions 
of fluorescent substances. The solutions may contain one or more soluti's. 
Although both the width and height of the band increase with iinu’easing 
concentration, the most reliable measure of concentration is total fluores¬ 
cence energy, which is proportional to the area under the (nirves. At 
higher concentrations the crystals may become so large that the light 
energy is no longer proportional to the concentration. In this casc^, the 
material to be tested may be diluted until concentration is i)roj)ortional 
to fluorescence energy. The data obtained by means of our in^w^ fluorome- 
ter, using a quartz-capillary mercury-vapor lamp and j)hotronic cell, has 
been shown to be very reliable in making energy measurements in the 
study of capillary luminescence analysis. 
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AN ELKCTRON DIFFRACTION STUDY OF HYDROUS OXIDES 
AMORPHOITS TO X-RAYS^ 
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Received Jidy 3, 1940 

In r(*(*(‘nt yt'ars, cxttuided investigations have ho(‘n carried out at Tlio 
Rice Institute and (dsewhere on the constitution of hydrous oxide gells by 
means of the simultaneous application of the tcchniqu(‘s of x-ray diffrac¬ 
tion and of isothermal and isobaric dehydration. Thc^ i’(‘sults of these 
inv()stigations disclose* that a large p(*rc(nitage of the pr(*cipitated oxides 
give x-ray diff raction patterns corresponding to a simple oxide or a simple 
oxide hydrate* or hydroxide. It is conclude‘d therefore that, in general, 
gelatinous precipitates of the oxides are not polym(*rizeei boelics or con¬ 
densation products resulting freim the splitting off e)f wateu’ from hypo¬ 
thetical metallic hydroxide's. Inste*ad, the gels are be*lie*v(*d te) consist, 
of agglomerate's e)f extremely minute crystals eif oxide or simple hydrate* 
(or hydroxide*) whie*h heild large amounts of water by adsorption and 
(capillary forceps (9, 14). 

1 Preseiiiteei at the Seventeenth Colloid Symposium, held at Ann Arbor, Michigan, 
June 6-8, 1940. 



1082 


HAUKY B. WEISER AND W. O. MILLIGAN 


A few of th(' hydrous oxid(‘ gels precipitated at room temperature arc 
amorphous to x-rays, that is, they give x-ray diffraction patterns consisting 
of only om‘ or two broad bands so diffuse that it is im])ossible to determine 
their constitution by x-ray analysis. Oxide gels of the following metals 
fall in this (;ategory: iron (Fe^^^), aluminum (from aluminum sulfate), 
chromium, beryllium, gallium, yttrium, samarium, titanium, thorium, 
zirconium, cohimbium (Cb^). tantalum (Ta^). 

Materials which give diffuse' x-ray diffraction patterns frequently give 
('leeitron diffraction patte'rns (‘onsisting of relatively sharp rings, becausei 
of the smallei’ wave' length and the greater efficiency e)f diffraction e)f 
edejctrons. Ae‘cordingly, an eleH'tron diffractiem study has bemi made e)f a 
number e)f the' hydrous e)xid('s which are ame)rphous to x-rays. 

EXPERIMENTAL 
(rerwral procedurv 

Tlie* pioe*('dur(' consists e'sseiitially in passing a beam of elee*tre)ns through 
a very thin film e)f the sample e)f oxide and re'coiding the' pe)sitie)n of the' 
diffractenl e'le'ctrons on a phe)te)gra])hic plate. A Senmann eh'ctron diftrae*- 
tie)n aj)pai*atus was (*m[)le)y('d, te) which was attae'he'd a devie*e fe)r ael- 
justing the' filament ace^urate'ly with re'spe'ct to the' focusing e*ui). The 
constant-pe)te*ntial high-voltage supply consisteel of a 70,0()()-volt, 10- 
inilliamf)e're, e)il-imme'rs('d Kenetre)n re'ctifying unit e)pei’ated from an 
alte*rnate)r driven by a synchrone)us motor. High-\'oltag(* meiasurememts 
we're made' with a 2000-me)gohm resistance in series with a 0-50 micre)am- 
ineq^er. The apparatus was calibrate'd with gedd fe)il in the usual manner. 

With satisfae'tory e'eiuipme'iit available, the' pre)ble'm of examining the 
pree'i})itate'd oxides with e*lectre)n wave's re'solve's itself inte) e)l)taining films 
that pe)sse‘ss the nece^ssary j)ropertu's. In the' first place', the' films must 
l)e sufficiently thin so that the'y will alle)w e*lee*tre)ns ace'elerate'd by a 
pe)tenitial e)f 30,000 to 70,000 volts te) pass thre)ugh. In the see*e)nd place, 
the films must be sufficiently ce)hen*e'nt so that the'y do not scrune*h up e)n 
drying to give* an ope*n network e)f agglomeiate'S so thie*k that the'y stop 
the^ electre)ns anel e)f e*racks thre)Ugh whie'h the e'le'ctrons pass without 
diffraction. The sample holden* e*onsists e)f a 300- or 400-mesh stainless- 
steed gauze'. On this is first placed a ve^ry thin film of collodion (amyl 
acetates se)lutie)n) or re?soglas (benzc'iie solution), on which the sample te) 
be e'xamined is subseepiently deposited. This is accomplislu'd by making 
a dilute ce)lloidal suspension in water, placing a drop of the suspension on 
the supporting film, and allowing it to evaporate. By this procedure films 
suitable for examination by electrons are readily obtained for such sub¬ 
stances as copper ferrocyanide, which is known to give a uniform coherent 
membrane, and for edays which, because of the plate-like shape of the 
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(jrystals, fijivc a thin uniform layer. Unfortunately, the projxn-ty of readily 
forming a thin coherent film is not. possessed by most of the hydrous oxidc‘ 
gels under investigation. In many instances a suitable film has been 
obtaiiK'd only aft(‘i‘ many trials, and in sonu' instances rep(‘ated att('mi)ts 
liav(‘ failed to give a film with the necessary jiroperties. 

The brown ijel of ferric oxide 

The brown gt'l of hydrous ferric oxide, fr(‘(iuently misnanu'd ferric 
liydroxidt‘, is commonly ])repared by the addition of a base* to a f(*rri(t salt. 
1'h(‘ g(*l, when freshly formed in th(‘ (*old and dric^d in a vacuum, is amor- 
l)h()us to x-rays, but aftei- standing at. room t(an])erature in contact with 
wat(‘r for s(‘V(*ral w(‘eks, it gives a band x-ray diffra(*tion ])att(‘rn corr(‘- 
sponding to a-F ('203 or hematite fll); after several months the crystals 
liav(‘ grown until the sample giv(‘s a shar]) hematit(‘ patten n. Tlu^ growth 
of th(* crystals takes plac(' more rapidly at high tc'mpcuatures. Thc^ gel 
thrown down at 10()®(\ giv(»s at onc(‘ a band pattern of a-Fe 2 () 3 ; if main¬ 
tained a lew hours at this temperature, it giv(‘s a sharj) patt(‘in. 

I'lic' above* obs(*rvations sugg(‘st that the brown gel thrown down in tlu* 
cold consists of lu'matitc* crystals so small or poorly fornu'd that it. gives 
an amorphous x-ray pattern. Examination of this lirown g(‘l in the cold 
by m(‘ans of (‘lectrons disclosed that this was the case. In figure I is 
giv(*n th(‘ (*l(M*tron difl‘ra(*tion pattern of the* fn^sh g(‘l thrown down at 25°(\ 
from f(‘rric nitiatc* solution. The rathe*!* broad diffraction rings are* in 
the* same position as the* rings from a h(*matite sample (‘rystalline to x-rays 
(c/. figure*s 2 and 6). Baccare*dda and Be*ati (1) were* unable to obtain a 
crystalline*-type* e*leH*ti()n diff’raedion jiattern from pr(*cii)itate*d lerric oxide. 
Fordham and Tyson (3) re*|)ort('d that precipitated fe'rric oxide* jire*- 
jaired by the* interaction of fe*rric (chloride and sodium hydroxide solu¬ 
tions gave* an e*le*ctron diffraction patte^rn (‘onvsponding to a cubic lattiea* 
with U(, = 5.70 A. In figure 3 is shown in diagram form (a) the* x-ray 
diff raction patte*rn of sodium chloride, (6) Fordham and Tyson\s electron 
diff raction i)att(*rn, and (c) an (‘lectron diffra(*tie)n ])attern of sodium chlo¬ 
ride* (sample* pre*pared by evaporating a dreip eif very dilute* sodium e'hleiride* 
solutiein on a collodion film). It is ap])arent that the jiattern eif Feirdham 
and Tyson is from sodium chloride which was not washe*d out eif the* fVrrie* 
oxide g(*l (cf. 1). 

Ilie* nenvly forme*d brown gel thrown deiwn from a (‘old solution of fe*rric 
chloride* gives a pure h(*matite patt(*rn, provided the solution is made up 
freish. An old ferric chloride solution contains colloidal |(i-Fe* 2 ().vH 2 () (12), 
which givers a distinctive* electron diffraction pattern (figure*s 4 and 6). 
The gel thrown down from an old solution of ferric chloride or from an old 
sol of ferric oxide peptized by ferric chloride gives an (4e(*tron diffraction 
pattern consisting of rings of both a-Fe 2()3 and iC?-F(*20.vH2() (figure's 5 
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Fig. 1. (left) Electron diffraction pattern of ferric oxide (FcjOa) gel precipitated from the nitrate at 25®C. 

Fig. 2. (right) Electron diffraction pattern of ferric oxide (hematite pattern) precipitated from the nitrate at 100°C. 
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and 6). The eloctroii diffraction patterns of a-l')>0()H and 7-Ke,0()H 
have been studied liy Smith (7). ' 

The oxide gels of aluminum, gallium, and chromium 

Alumina. Tlie highly gelatinous jireciiiitates thrown down at. room 
temperature on adding slightly more than the ('(luivalent, amount of 
ammonia to A^/U) solutions of ahuninuin salts an- eiystalline to x-iays, 
giving the x-ray diffraction pattern of 7 -Al 2()3 H 2 (). The crystals are 
sufficiently large so that th(> diffraction rings are relatively sharp when the 
precipitate is thrown down from solutions of aluminum chloride and 
aluminum nitrate (figure 7, a and h). But samides precipitated from 
aluminum sulfate solution consist of such minute crystals that they givi' 
broad hand patterns (figure 7, c). Indeed, the hands are so hroad that 
such samples wi-re identified tentativi'ly as y-AhO.vHsO only because the 
position of the hands corresiionded roughly to that of tin- sharpest lines 

o 


X-RAYS 

FORDHAM & TYSON 
JC.S 1937, 463 

ELECTRONS 


o 

Fig. 3 l^iloclron and x-ray difTraction patterns of sodium chloride 

in tlu' ])attoni from tlu' chloridi* and the nitrate. "Fo (establish definitely 
th(' eonstitution of the precipitate from the sulfate, its (dertron diffrai'tion 
pattern was obtained (figure 8). It is obvious that tlie diffraction rings 
arc in the same i)osition as those from an aged sample' of Y-AhOs-HoO 
from th(' chloride (figure 9). The freshly formed })recipitat(' from the 
sulfates is 7 -Al 2 () 3 -H 2 (); th(' crystals are too small to give a sharp x-ray 
diffraction jiattern, but an^ large enough to give a sharp ('h'ctron diffrac*- 
tion patb'rn. 

In an ('arlier pa})er it was shown that the alumina thrown down at 
pH 6 to 8 from the highly dilute aluminum sulfate solutions, such as aie 
us(^d in water purification, gives band x-ray diffraction patterns but sharp 
electron diffraction patterns corresponding to t-ALOs-HoO (15). In 
accord with ('ailier x-ray observations (cf, 9) 7 -A 1203 -H 20 , aged in tlu' 
cold in contact with water, gives an electron diffra(*tion pattern corre¬ 
sponding t-o a-Al2()3*3H2(). Baccaredda and Beati (1) have also obtained 
an a-AhOs. 3H2() electron diffraction iiattern from an alumina gel. 
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Fig. 4. (left) Electron diffraction pattern of jS-FeOOH 
Fig. 5. (right) Electron diffraction pattern of the gel thrown down from an aged ferric oxide sol 
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Galha. (lallium oxidi' g('l prin-ipitati'd at 25° or 100°('. from a gallitim 
(‘hlorido solution with a slight oxct'ss of ammonia gives an x-ray diffraction 
j)att<-rn consisting of two broad hut distinct bands. Although in general 
it is not possible to identify a snbstancc' from an x-i'ay jmttem consisting 


oc-Fe.Os. 25’C. 

oc-Fe.O,, 100* C. 

oc-FejOj CX-Rays) 

oc - Fe, Oj+/9-Fe 00 h 
(aqed Sol) 

/3-FeOOH 
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Fkj. 6. Elortron and x-ray dilTractinn patterns of t(*rrie oxides 
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Fkj. 7. X-ray diflVaetion patterns of 7-Al20.rH20 from solutions of (1) the nitrate, 
(2) the ehloride, and (3) the sulfate 


of hut two hands, in this instaiieo the ])osition of maximum intensity of 
th(‘ hands eorrespondod to the posit ion of the two sharj) lines in the pattern 
o]>tain(*d from relatively large* crystals of a-(^a203 (13). Moreover, heat- 
treat m(*nt of the gel at various temperatures gave additional and sharper 
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diffraction lines corresponding to a-Ga 203 . It was inferred (13) from 
these observations that the fresh gel consisted of minute particles of 
a-Ga 203 , but Laubengayer and Engle (5) question the accuracy of this 
deduction. Early attempts to get an electron diffraction pattern of the 
precipitated oxide were without success, since the evaporation of a drop 
of a dilute suspension of the gel failed to give a film with the necessary 
])roperties. The oxide agglomerates into clumps that are either too thick 
or too porous for examination by electrons. Addition of alcohol to the 
suspension of hydrous gallia made it possible to obtain a thin uniform film. 
Ill figure 10 is given an ele(;tron diffraction pattern of hydrous gallia pre- 
cipitatcid at 25°C. The rings correspond to the pattern of a:-Ga 203 
(figure 11), thus confirming our deductions from x-ray diffraction data. 

Chromic oxide. The gel formed by the addition of alkali or ammonia 
to a chromic salt is amorphous to x-rays whether prccupitated cold or hot. 
Moreover, the gel, after being heated for days or weeks in contact with 
water at the boiling point, gives an amorphous x-ray diffraction pattern. 
A crystalline' tyi)e of diffraction pattern results aftc'r heating the gel in 
an autoclave for several hours at 180-250°(^. The pattern from the 
sami)le heated in an autoclave is that of chromic oxide monohydrate. 

The fn'shly formed gel of (*hromic oxide is readily peptized, and evapora- 
tion of the highly dilute sol gives a film suitable for examination by 
('lectrons. The pn'paration gives an amorphous electron diffraction pat¬ 
tern. We have been unabh; to confirm Baccaredda and Beaties (1) obser¬ 
vation that a chromic oxide gel gives an electron diffraction pattern similar 
to that of a-AhOs*31120. 


Silica gel 

The x-ray diffraction pattern of silica gel thrown down either at room 
temperature or at 100°C^ consists of very broad bands. The precipitated 
oxide readily forms thin coherent films, which hav(' bec'ii examined by 
(‘h'ctrons. The resulting electron diffraction pattern is definitely of the 
amorphous type. In accord with this observation Germer and Storks (4) 
found that a silica film formed by condensation of the vapors gives an 
('k'ctron diffraction pattern characteristic of an amorphous material. 

Gels of the pciitoxides of columbium and tantalum 

The gels of columbium pentoxidc and tantalum pentoxide resemble 
silica gel in apix'arance and properties (9) and are amorphous to x-rays. 
To investigate their behavior toward electrons the gels were thrown down 
from solutions of KiCbOFs and K 2 TaF 7 , respectively, and were washed 
thoroughly by the aid of the centrifuge until they peptized. Evaporation 
of the highly dilutc^d sols gave thin coherent films, which were examined 
in an electron beam. Like silica, both columbium and tantalum pentoxides 
give electron diffraction patterns of the broad-band, amorphous type. 
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The gels of iitania^ zirconia, and thoria 

Titanic. The gels of titania, zirconia, and thoria formed from solutions 
of the respeetive salts by precipitation with ammonia or alkali at room 



Fkj. 10. Electron diffraction pattern of a-Ga20s Rcl 
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Fig. 11. X-ray and electron diffraction patterns of a-Ga208: (1) gel precipitated 
at 100°C (x-rays); (2) gel precipitated at 25®C. (electrons); (3) gel heated to 625°C. 

temperature an' alike in being amorphous to x-rays. The dehydration 
isobars for the respt'ctive gels are smooth curves, indicating that the water 
in the gels is held by adsorption or capillary forces and not in chemical 
combination. 
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Aging of precipitated titania for 8 months at room tc‘mp(‘ratnre or for 
8 hr. at 100®C. produces materials that give narrow-band x-ray diffraction 



Fia. 12. Electron diffraction pattern of titania gel 



Fig. 13. Structure of two-dimensional crystals (a) and glasses (h) of MgOn (after 

Zachariasen) 

patterns corres])onding to the mineral anatase, Ti02 (10). The electron 
diffraction ])attern of the freshly formed g('l (figun^ 12) shows that it is 
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made up of minute crystals. The pattern corresponds neither to the 
mtile nor to the anatase modification of titania. The composition of 
this crystalline material is being investigated further. 

The oxide formed by the hydrolysis of titanium chloride or nitrate at 
100°C. gives an x-ray pattern corresponding to the rutile modification 
of titania, whereas the product thrown down by hydrolysis of titanium 
sulfate gives a pattern corresponding to the anatase modification (10). 

Zirconia and thoria. The minute crystals of precipitated zirconia and 
thoria both grow more slowly than titania crystals. Heating zirconia and 
thoria gels for several hours at 100°C. in contact with the mother liquor 
from which they separat('d produces materials that give broad-band x-ray 
diffraction patterns corresponding to zirconia and thoria, respectively (2). 
Because of difficulties in obtaining suitable films of cold precipitated 
zirconia and thoria, it is uncertain whether they give an amorphous electron 
diffraction pattern or whether the materials have not been examined. 

DISCUSSION 

Freshly fornu'd gels of the hydrous oxides which are amorphous to 
x-rays fall into two classes: those which give electron diffraction ])atterns 
characteristic of crystals, and those which give electron diffraction patt(;rns 
of the amorphous type. In the first class are the oxides of ferric iron, 
aluminum (from the sulfate), gallium, tetravalent titanium, and probably 
beryllium, which give relatively sharp ring electron diffraction pattenms; 
in th(' second class are the oxides of chromium, silicon, pentavah^nt cohmi- 
bium, and pent a valent tantalum, which give broad-band, amori)hous 
electron diffraction patterns. It is uncertain at present whether the oxides 
of zirconium and thorium belong in the first or ihv second class. 

The oxide gels of the first class are crystalline, but lh(» primary crystals 
thrown down at room temperature are so minute that they give only 
diffuse x-ray diffraction patterns. The oxide gels of the s(»cond class are 
amorphous in th(' sense that glasses are amorphous, the network of oxygen 
and metal atoms lacking the periodicity and symmetry which exist in 
definite crystals. 

In order to account for th(‘ similariti(‘s in the mechanical properties of 
an oxide in th(* form of a glass which is amorphous and the same oxide in 
definite crystalline form, Zac^hariasen (16; cf, 8) assumes that the atoms 
in the glass are linked together l)y forc(\s essentially the same as in crystals, 
and that ov(‘r large' ranges of temperatures the atoms in the glass, like 
those in crystals, are' oscillating about definite equilibrium positions. It 
is furthe'i’ assurnc'd that the atoms in the glass must form an extended 
three-dimensional network as they do in crystals. The essential difference 
between a crystal and a glass is that a crystal network possesses both 
symmetry and periodicity in the aiTangement of the atoms, whereas a 
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glass network possesses neither symmetry nor periodicity in the arrange¬ 
ment of the atoms. 

It is difficult to represent in drawings the difference between a crystal 
and a glass network, because of the three-dimensional arrangement, but 
Zachariasen illustrates the difference by means of two-dimensional analogs 
as shown in figure 13. Part a represents diagrammatically the lattice of a 
two-dimensional crystal, MiOa, and part h the glass network of the same 
compound. The general arrangements of the atoms and the forces are 
similar in the crystal and the glass, but the symmetry and periodicity which 
characterize the crystal lattice are absent in the glass. 

It is suggested that the precipitated oxides which give broad-band elec¬ 
tron diffraction patterns are amorphous in the sense that Zachariasen 
assumes a glass to be amorphous, that is, the atoms are arranged in the 
form of a network which lacks both periodicity and symmetry. 

SUMMARY 

1. An electron diffraction study has been made of gels of the hydrous 
oxides which give x-ray diffraction patterns of the amorphous type. 

2. Hydrous oxid(»s which are amorphous to x-rays may be grouped in 
two classes: (a) oxides which give relatively sharp ring (4ectron diffraction 
pattcTiis and (6) oxides whic.h give electron diffraction patteaiis of the 
amorphous type. 

3. The oxide gels of the first class are crystalline, Imt the size of the 
primary crystals is so small that tlieir x-ray diffraction pattern consists of 
broad bands. The precipitated oxides of the following mentals belong in 
this class: ferric iron, aluminum (from the sulfate), gallium, titanium 
(Ti^^), and probably beryllium. 

4. The oxide gels of the second class are amorphous in the sense that 
glasses are amorphous, the atoms arranging themselves in the form of a 
network lacking the periodicity and symmetry which characterize a crystal 
lattice. The precipitated oxides of the following metals belong in the 
second class: chromium, silicon, columbium (Cb"^), and tantalum (Ta^). 

5. The gel of ferric oxide thrown down at room temperature consists 
of minute crystals of a-Fc 203 . The oxide gel thrown down from aluminum 
sulfate solution, like that from aluminum chloride or nitrate solution, is 
7 -A 1203 -H 20 . Gallia gel precipitated at room temperature is composed 
of minute crystals of a-(ia 203 . 
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SKIN RPIACn^IONS. IX 

"Phe Elkctrophoretic Demonstration of the Patent Pores of the 
Iaving Human Skin; its Relation to the (Charge of the Skin* 

HAROLD A. ABRAMSON and MANUP.L H. CORIN 

Biological Laboratory, Cold Spring Harbor, Long Island, New York, and the Medical 
Service of Dr. George Baehr and the Laboratories of the 
Mount Sinai Hospital, New York, New York 

licccivcd July S, IDJfO 
INTHODIU’TION 

The activi' agent in dialyzed extracts of giant rag\\eed, of short ragwiHid, 
and of timothy polliMi may bo transjiorted by eleotrophorosis into th(‘ 
human skin (1). Marked whcaling is readily prodiiei’d in the skin of in¬ 
dividuals hyper.sensiiiv(' to the.sc' eompai'ativcdy large' moh'cules. It 
becomes of interi'st to asee'rtain by what nn'ans tlu'se substances of com¬ 
paratively high moh'cular weight pass through tlie skin. There' are thre'e^ 
main e'hannels of transport te> b(' e’onsieU'red: (/) the peire's e)r cenls of tlie^ 
swe'at glands; {2) the' hair follicle's and se'bace'ous glands; {S) the skin it.se'lf, 
that is, the keratin matrix linking the structure's mc'ntione'd in (1) and (2). 

The aiitheirs have inve'stigated this probh'm by the; edee'tropheiresis of 
both basic and ae'iel dyes as well as of copper ieins. By me'ans of ^MeAH'lo])- 
ment” eif the' patterns produce'd by the e'le'ctrophoretic technic, it is peis- 
sible neit einly to trae*e more accurately the channels t ravc'rsed during the 
electrical ti-ansjiort- but alsei te) describe more explicitly than hitherto the 
relationshij) betweeai the electrical charge of the dye' ion and that of the 
pores of the skin. 

1 Presented at the Seventeenth Colloid Symposium, held at Ann Arbor, Michigan, 
June 6-8, 1940, 
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HISTORICAL 

Among those', who in the latter part of the ninete'CMitli (‘(^iitury were' 
especially interested in the electrical transport of drugs through the skin, 
was Morton. Morton (15) stated, “Hie skin and othcir membranes and 
tissues of the human body may be regarded as sc'pta, and, this allowed, it 
follows that ele(‘.t ric osmosis may be made to take' plae'e through such septa 
... .1 prefer the term Ele'ctric DifTusion, which may be' define^d as the 
capacity possesseel by an e'lectrie* current fe)r diffusing e)r transjiorting 
liquids and whatever they may contain in solution f]*om e)ne polarity 
toward the' other, prelerably threnigh pe)rous se'f)ta' thus Ix'ing applica])le 
te) the' tissues of the living body.^^ 

Mortem (15), however, rc'jccte'd the notion that the' cataphorc'sis e)f 
iems inte) the' tissues is dependent upem the e'harge' e)f the.' ])artie‘.les. He 
wrote', “The' tlu'ory e)f Arrlieniiis as te) the free' and e'lee'trie'ally charge'el 
ion advane'cs e)ur views as te) the* nature' e)f e'le'e*tie)lysis and e'le.‘e*trolytic 
conductie)!!, l)ut I cannot se'e that wo are yet e'lititle'd te) assume' that the 
e'lectre)lytic de)uble' })rogre'ssie)n e)f the ie)ns w'hie*li e)e*e‘uis in e)nly a small 
percent e)f the' nie)le‘cule's which e‘e)nstitute' the' se)luiie)n is, in reality, that 
move'me'iit known as cataphoivsis or e'k'ctrie* diffusie)n. . . .This vie*w’ would 
involve the relation and be'havior e)f e'le'e*trostatie*ally charge'd tubule's of 
small e*alibre‘, name'ly, the porous septa.” 

Before Morton w’re)te his boe)k, Vergims (17), an ('le‘e*tre)plate‘r who 
w'e)rke'd in Ckiba, fe)und that he had devele)pe}d e)n his lianel an incurable 
ule*e‘r that had be'e'ii produced by ceintact. with solidie)ns e)f nu'tallie* salts. 
He ae‘e*iele'ntally i)lae*('d his hand in a bath alre'ady i)re])are'd for plating anel 
found that the* lu'gative i)olc received a metallic e‘e)ating. In e)ther words, 
he' e)bse'rved reve'rse'd e'leedroiihoresis of the' metal out e)f the' skin and ])lat- 
ing of the metal onto the ele'ctroele' e'mj)loye'd. He' fe)lle)W'ed this with a 
similar numbe'r of e'le'ctre)phoretic tre'atme'iits, using the' ne^gatiiei pe)le'. 
This resultc'd in a rapid cure' of his ulea'r. On the basis of this incide'iit 
the' Vergims ('U'e'troclu'iiiical bath was ele'velope'eb Morte)n (15), to sup¬ 
port his conte'iition that the pores e)f the* skin we'i'c impeii tant, did another 
intc're'sting e'xperime'iit. “1, also, tlmre me'iitione'd an expe'iime'nt which 
I had tried upon myself and which sheiwa'il the* e'ase' with which e'\en solid 
particle's might be driven inte) tissue by the actie)n e)f an e'le'ctrie* e*urrent. 
Semie finely pe)wde're'el lampblae'k or graphite was ine*orj)orate'el with some' 
salicylate e)f soda anel placed on my arm under the positive' e'l('e'tre)de. 
The current was turne'd on and the particle's e)f grai)hite' were' e'ariie'd into 
the sweat fedliedes, making small black spots, like' bird shot, which we're so 
dee^ply embe'dded that they did neit disajipear for se've'ral wee'ks.’’ This 
was apparently the first de'memstration that pa]‘ticle\s may ge) inte) the liv¬ 
ing human skin by electrophorc^sis. 

Three decades late'i* Re'in (16) also noted that elye'stuff se'e'ined to be^ de'- 
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posited in the pores of the skin. He maintained, however, that positively 
charged dyes were more readily introduced than negatively charged dyes. 
He explained this selectivity by assuming that negatively charged dyes 
were restricted in their passage by the negative charge of the keratin. Our 
findings arc contrary to those of Rein. 

Although not directly connected with the subject matter of this commu¬ 
nication, the recent papers of Hopkins, Kesten, and Hazel (9), Harpuder 
(8), Kovacs (10), Kovacs, Saylor, and Wright (11), and Lowenfish (12) 
may be consulted for related phenomena. 

METHODS 

Commercially available dyes were employed without purification. 
These were methylene blue (u.s.p. and “vitaf^), eosin Y, prontosil sodium, 
sodium indigotetrasulfonatc, pontamine blue, patent blue V, sodium 
phenolsulfonephthalein, neutral red, and basic and acid fuchsin. (\)n- 
centrations from 0.1 per cent to 2 jier cent were used, but, in genc'ral, a 
solution containing 0.5 per cent of the dye gave excellent results. The 
dye was appli(^d to the skin through a piece of absorbent cotton or canton 
flannel. 

The electrophoresis apparatus consisted of the usual gah anic* circuit. 
Current densities from 0.3 to 1.0 milliampere pcT scpiare centimet(‘r were 
suitable, the high(*r currents being comfortably borne with the positive 
pole. 

Observations were made {1) without magnification, (2) with a hand 
lens, or (3) with a Bausch and Lomb wide-angle dissecting micToscope. 

The patterns obtained were photograph(jd by means of a s]:)ecially 
designed attachment to an Argus camera. It allowed the camera to be 
held against the area to be photographed and at a fixed distance from it. 
The distance was chosen to make the ratio of image to object 1:1. Pic¬ 
tures obtained in this way were enlarged for detailed study. 

EXPERIMENTAL 

If a pledget of cotton wet with a 1 per cent solution of methylene blue 
is held against the skin of the forearm or of the palm of the hand, the skin 
stains fairly uniformly. With vigorous rubbing and washing the stained 
cornified layer of the skin may usually be removed, with no evidence of 
marked selective adsorption of the dyestuff by any particular skin struc¬ 
ture. If, however, the pledget of cotton is made the positive pole of an 
electrophoretic circuit for 1 to 5 min., selective adsorption by the skin 
can be demonstrated. On superficial examination of the blue-stained area, 
differential staining of the skin surface may not be observed. If, however, 
the stained area of the skin is vigorously rubbed and washed free of the 
blue dye, a remarkaVjle pattern of the channels traversed by the dye is 
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developed/’ An example of this pattern is ilhistratod in figure 1 (magni¬ 
fied 3 X). Close examination of the* skin in (experiments of this type 
disclosed that the* blue dots were the' sites of the pores of th(‘ skin,—the 
orific(es of the coils of the sweat glands, bitth* or no methyleiu^ blue was 
usually observ(ed at the bases of th(^ hair follick's, although exceptions 
o(i(iurred. 1'he electrical transport of dye through the skin of the palm 
of the hand showed that th(‘ hair follicle's need not be invohx'd at all. 
Development of th(‘ jiattern in the palm is more difficult. In c('rtain adult 
case's the final jiatte'rn developed several days after e'le'c'trophore'sis of the 
dye', as the supe*rficial epithe'lium was lost. With the' uiicallouse*d hand 
of a thrc'e-year-old child, howewer, pore' patterns ('an be' de've'lope'd in the' 
usual way. Figure 2 is a photograph of a jiore' pattern obtainc'd in an 
adult on the' hypothe'iiar ('inine'iice'. 

Pore jiatterns produe*e'(l with me'thyle'iie* blue* by the* te'chnic de'seribe'd 
in the* fore'going may re*main clc'arly visible for se'veral we'e'ks. T]w patte'rn 
nearly always re'mains visible for a week. In the course of time* an intere'st- 
ing transformation may occur in the* appe*arance of the* individual spots 
of blue* which comprise* the* patte'rn. This is obse'i ve'd in figure's 3a and 31), 
which are photographs of pore* patterns obtaine'd after 24 hr. and 1 we'e'k, 
rc'spe'ctive'ly. Note* that the blue spots whie'h have* within the'm paler 
white* are'as have* taken on the* appearance* of de)ughnut foi*ms. I^]xamina- 
tion of the size* and structure* of these doughnut forms indicate's that the* 
methyle'iie blue which pe'rsists is due to a se'lective* staining of the walls 
of the swe'at glands. The* pale^ are'as obse'rve'd in the centers of the^ dough¬ 
nut forms are the* orifice's of the sweat glands, which gradually clc'ar the'in- 
se*lves of the* methylene* blue* c.ontaine'd within the* ducts. 

It is surprising that the me'thyle'iie* blue* is neit re'duce'd to the le'ue'o form. 
Evidently the diffusion eif oxyge'ii into the* e*e'lls of the* duct is sufficiently 
gr(*at to ke'ep the elye*stuff in the* oxidize'd state. One of us with Taylor (6) 
has shown that adsorbed dye's may be re'duce'd, but meire* slowly in all case's 
studied. In ce'rtain instance's it has be'e'ii obse'rved that the* cedis of the* 
diK'Is containing methylene* blue grow eiutward from the* skin. Tiny 
papillaei may then be* s(*en under the* microsceipe at the* site's of the* blue*- 
staine'd pores. Not all of the pore's may be* stained by methyle'ne blue. 
This can be readily demonstrated by following the* e'le'ctrophoresis of 
methylene blue with a se'cond e'lectrophoresis of eosin Y. By this me^ans, 
red staining pore's not previously stained by the first- applie'ation of methyl¬ 
ene blue may in certain instances be observed to appe^ar. 

According to Rein (16), a negative charge on the skin surface* facilitates 
the passage of positively ediarged basic dyes, whe'reas it re'tards t he passage* 
of negativc'ly charge^d acid dye's. This is in decided (contrast with our 
experience. Not only have we obtained definite patterns with positive* 
dyes like patent blue V and basic fue*hsin, but we have olitained similar 
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patterns using the negative pole with neutral red, eosin Y, sodium pron- 
tosil, sodium indigotetrasulfonate, sodium phenolsulfonephthalein, and acid 



Iici. 1. (uppor loft) Magnification 3.2 X. Pore pattern developed following 
electrophoresis of methylene blue into the skin of the anterior aspect of forearm of 
male adult. Xotc the arrangement of the dots in rows. 

Fio. 2. (upper right) Electrophoresis of methylene blue into the pores of the 
palm of the hand. Note the more orderly arrangement of the pores in this region 
(hypothenar eminence). Millimeter scale. 

•Fig. 3. a (lower left): doughnut forms appearing 24 hr. after electrophoresis 
of methylene })lue into the pores of the anterior aspect of the forearm, b (lower 
right); note the persistence of the pattern 1 week after the electrophoresis of the 
methylene blue. Millimeter scale. 
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fuehsili. Figure's 4 and 5 aro illustrations of patterns obtaiiu'd by sodium 
))lionolsulfonephthalein and by sodium indigolelrasulfonat(‘. 

There are diffenTicc's in the skin reactions of certain individuals. Thus, 
in subject H. A. A. introduction of sodium phenolsulfonephthah'in i‘(*sult(‘d 
in a r(‘d pattern which (‘hanged to yc'llow in time, th(' yc'llow patt(‘rn 
ivmaining for about a w(‘('k. In an (*xperim('nt on J. V., who had a 




Fi(., I. (upp('i left) Ncjiiativc'ly charged dyes like phenol indigotetrasulfonate 
form d(*finite pore j)atterns in the skin. Note (he more diffuse nature of the pattern 
when compared with positively charged methylene blue employed to obtain the 
pattern in figure 1. Magnification 3.2 X. 

Fi(j. (upper right) Another illustratitin of a pore pattern obtained with 
l)henol red, a negatively charged dye. The pattern appears to be more diffuse in 
this case also. Magnification 3.2 X. 

Fio. 6. (lower left) Pore pattern in a scar over 30 years old; natural size 
7. (lower right) Pore pattern in psoriasis; natural size 


difTonml typ(‘ of pore pattern, the nni stag(' was not observed. Evidently 
in th(* cells of the poivs the dye is in a different stab' than in the ducts of 
the pores. This is not iinexpc'eied. 

In ('xperim(‘nts with sodium indigotetrasulfonate-doughnut forms 
appean'd much more readily and rapidly than in the ease of methylene 
bliu'. The rapid appearance of the' doughnut forms is probably caused by 
reduction of some of thc' dye in special regions, following its introduction 
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into th(‘ skill. In spite of this rapid initial reduction tlu' pore pattern 
may remain visible' for a week with large doughnut forms. Apparently 
the dye* which has beH*n absorbe*d by the* ce*lls lining the ceiils of the pores 
is not readily ]*e*due*ed. 

In view eif the development of re^ce'iit technics (7) de*signed tei introduce 
copper by e*lectrical transport in the tre'atment eif fungus diseases of the 
skin, the path taken by the copper iem was also studie*d. Whe'ii coppe*r is 
introduce^d intei the* skin by electrophoresis with the* te*e*hnic dese;ribed in 
the foregoing, tiny i*e*d dots due to irritatiein appe^ar and form a patt(*rn 
of theii’ own without the* introduction of any dye\stuff. It is neit difficult 
to demeinstrate that ceipper has be6*n intreidue'ed through the pore's, 
apparently in the same* manner. ('hemical tests in the* pores feir copper 
were iiositive*. 


APPLie'ATION TO DISEASES OF THE SKIN 

V]) to this point the* e'xpe'rirne'iits which have be*e*n ele'seribe'd ele'al with 
the reactiein eif the* normal skin. There is, he)we*ve*r, a wide* fie*ld eif applica¬ 
tion te) de*rmate)le)gie‘al proble*ms. Thus, scars and skin elise*ase's like* 
psoriasis, e*tc., may be* inve*stigated in this way. In figures 6 and 7 are 
illustrations of the* ty})e* of applie*ation ])e)ssible. Figure* 6 is a pore* patte*rn 
of a scar 30 years old, and figure 7 is a peire j)atte*rn in a le*sie)n eif j^seiriasis. 
It is hoped that the application e>f tlu'se te*chnie*s to the* study eif skin 
eiise*ase*s will le*ael to a nrnre e*xplicit structural and fune'tiemal (‘orniire*- 
hension eif the* r61e* that the* pore*s of the* skin play in the*se* elise'as<*s. 

DISCUSSION 

The* adhere'iits of the* pore or sie*ve* the*ory of skin pe‘rni(*ability (e‘.g., 
Rein (12)) maintain that the ediarge on the* pore*s dete*rmine*s the le'strie*- 
tive feire^e's which eijierate* ein the perme*ability eif the me'inbrane*. Thus, 
negative*ly charge*d collodiem me*mbrane\s are we*ll kneiwn to iH'strie't the* 
passage of ne'gative* ions but to pe*rmit positive* ions tei pass fre*e*Iy (13). 
In supiiort e)f the point eif view that the* charge on the me*mbrane dete*r- 
mine^s the* re*strictive force's, Mond and Hoffmann (14) have* shown that 
reversal of the* sign eif charge* of the mc'mbi’ane by a dyestuff, rhodamine* H, 
change's the nature* of the* permeability. This dye*, by re‘ve*i-sing the* sign 
of the* e’harge* on e'ollodiem me'mbrane*s, presumably permitte*d the jiassage 
of ne^gative* ie>ns but restricted the passage of positive* ions. It is evide'iit 
that the* ])e)re*s of the* skin re^adily permit the passage eif beith positively 
charg(*d dye ions and negative* ions like* the phe*nolsulfonephthalein ion, 
in spite of the skin’s imgative charge. Indeed, one* may (»asily imagines, 
according to Rein’s scheme, that as peisitive* ions are intreiduced into the 
skin they weiuld reverse the sign of the surface charge, making the walls 
of thei j)ores of the* skin positive and in that way would progressively tend 
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to mstrict their own passajrr by ivversal i)oth of th(‘ cliai-ge and of the 
(‘leetroosmotie flow. It ean hv readily ol).s('rv(‘d that if a dye is introduced 
(dectroi)hor(di(*ally for 0.5, 2, and 5 min., r(\spectiv('ly, on separate' sites, 
much inoni of the dye' goes in as the* e'xperime'ntal time ine*r('ase's. This 
illustrate^s that the* adsorbed pe)sitive‘ me'thylene* blue* ion a])part'ntly doe's 
ne)t restrict its e)wn ])assage' as it accumulate's on the ce'll surface's. Similar 
eibservations ha\’e' be'cii made with other dye's. We are unable*, t he're'fore, 
to ce)rre‘late the e'harge* e)f the* skin with the* passage* e)f the* dye*s unde'r the\se 
e'aremmstane'e's. However, it \\e)ulel be e)f inte're^st te) make* skin pe)t(mtial 
me^asurements eif the* ty[)e' perlorme'd by lie'in te) eh'te'rmine* whe'ther the*se 
dye's de) change* the sign e)f the* charge* e)f the* me*mbrane‘ whie*h is assume'd 
to give rise to the* pe)tentials e)bse'rve'd. 

It. is useful te) have* the* physical i)ie*ture‘ e)f the* de)ughnut form in figure's 
3a and 31). This enable's us te) visualize the* ])e)re's of the skin discussed in 
detail (3) in a re'e*e'nt comnmiiie*atie)n. It hael be'e*n ])re‘vie)usly found that, 
contrary to the be'havior e)f e)relinary ie)ns, the bie)le)gie‘ally ae-tive substance 
of giant and dwarf ragwe'e'd pe)llens migrate'el into the* skin, not only fre)m 
erne pe)le' but freirn be)th i)e)le*s (1). In the* e‘ase e)f giant ragwe*e‘d, with the* 
se)lutie)ns e'm])loy('d, the* jieisitive ])e)le* was me)re etfie*a(‘i()us than the lu'ga- 
tive pe)le*; in the* case e)f elwarf ragwe'e'd, the* ne'gative* ])e)le‘ was more e'ffie'ie'iit. 
This type* e)f e'le'e*tre)phoretie* be'havie)r ^^as unpre*e*e'ele*nte*d, fe)r, as state*d 
])revie)usly, usually e)nly e)ne' pe)le‘ is able te) intre)duc(' an ion e)f the pre)per 
sign. The* elata we're* also ne)t in ke'e'])ing with pre'liminary nu'asureme'iits 
made on the ede*ctrie‘al charge* oi the* biole)gie‘ally ae'tive* ce)nstitue*nt e)f the 
ragwe'enl pe)llen (5). More re'ce'iitly a single e*e)nstituent whie*h is negative'ly 
chargenl at pH 7.0 has be'e'ii i.solate*d (4) in the* Tise'lius ap])aratus. This 
negatively e‘harge*d e*e)nstituent e*an be introduce'el inte) the* skin with the 
positive* peile*. 

"fhe fae't that the* skin acts as a re'se'rvoir for histaniim* anel epine'phrine, 
folle)wing electre)j)he)!*e'sis of the'se substances (3, 2), may be* correlate'd to 
a certain ])oint with the* pe'r.sistence eif dye's in the* e*e'lls e)f the pores over 
long periods. Since* histamine may be demonstrated in the* skin fe)r as 
lemg a pe'riod as a wee'k, there* must be some* mejchanisni whie*h pre've'iits 
diffusion into the* dermis. Although this mechanism is pre)bably in some* 
resjie'cts unlike* that operating in the e^ase of dyestuffs, the persistent iiore 
patterns fe)und for the dyes are presumptive evidence that a nu'e'hanism 
restricting diff usion does exist and t hat a similar general proe*ess may reffain 
the histamine depeits. 

Obstructie)!! e)f the* pe)r(*s ne'i'd not prevent the formation of (*lectro- 
phoretie* patt-e'rns. investigate the^ effect of plugging the pores, an 
areia was treated with albolcne before electrophoresis of me'thylene blue. 
Although the initial resistance of the skin so treated was very much higher 
than that of a normal area, with sufficie*nt ve)ltage* the re'.sistancc* soon 
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droj)p(‘d to normal. With a current, density of 0.5 milliampero for 5 min., 
a typical pore pattern was obtained. It is possible that electroosmotic 
fore(\s drive the albok'iie out. of the pores. 

SUMMARY 

When an (‘l(K*trie curnMit is applied across the living; human skin, the 
skin may be consid('r(‘d to act like a system of pores through which transfer 
of siibstaiu*(‘s like ragwe(*d })ollen extract may be achieved both by (*l(»ctro- 
phor(‘tic and by diffusion phenomena. The sites of these pores have been 
localized by forcing dyestuffs electrically into th(* skin, thus localizing the 
channels traversed. Both basic and acid dyes, as wc‘ll as copp(‘r ions, 
localize* primarily in the sweat glands, and pore patt(‘rns of the skin may 
be “developed’^ following (‘lectrophoretic transfer of basic dyes, acid dy(‘s, 
and metallic ions. The pore* patterns may persist fe)r several we*eks. 
During this time* some of the small colored spots may de*colorize in the 
e*ente*r, le*aving e‘e)le)re'd doughnut forms which correspond to se*le*e*tive* 
staining e)f the e*e*lls ce)mprising the orifice's of the* glands. Klectrie*ally 
pate*nt i)e)re*s may be jilotte'd over the entire body. The* pore patte*rns in 
scar tissue and in skin disease's like* se‘lere)derma anel ])soriasis may alse) 
be mappe'd, anel in this way characteristics of the*se dise'asc's ))e define'd. 
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ELECTRIC MOMENTS ANT) RELAXATION TIMES OF PROTEIN 

MOLECUi.ES* 

J. L. ONCLEY 

DcparlmnU of Phystcol Chemistry, Hurvnrd Medical School, liosloii, Massachusetts 

Hcceived July 5, IQ^O 

Th(‘ importance of th(‘ electric moments ot moleciilt's in the interpretation 
of tlunr int(‘ractions with otlier mohnniU's and with ions has long been 
r(K‘Ogniz(?d. Electrics moments of a great many organic and inorganic 
substances hav(' be^en measured in the past, fifteen years, and have aided 
not oidy in the interpretation of molecular and ionic int('ractions but also 
in th(‘ study of molecular structure (5). 

Th(‘ ehictric moments of (*ertain substances have l)e(‘n found to be of a 
much highei‘ ord(‘r of magnitude than is usually obsenved, and these 
substances havi) been shown, by both th(\se and (dlua* im^asurements (2), 
to poss(\ss a very different ty])e of structure, now commonly known as 
the ^^zwitt(‘r-ionic” or “dipolar-ionic’^ configuration. Substances with 
thc*se configurations are found to possess many characteristic properties. 
Amino acids and peptides afford (‘xamph^s of substancc^s of this type and 
have been widely studied. 

This same “dipolar-ionic” configuration is one of the most important 
charactiu’istics of the structure of ))rotein mole(*ules. Th(‘ evaluation of 
electric* moments of these materials was not attempted, however, until the 
past few’ yc'ars. Results of Wyman, Mariiiesco, Errcna, and Shutt gave 
us the first indication of the* ord(*r of magnitudes of the' dic'lectiic increments 
of these materials, and the cw^aluation of electric moments from these data 
has been summarized by C-ohn (2) and by Wyman (18). A considerable 
volume of work in this field has since' been carried out by Andri'w s, Arrhe¬ 
nius, Elliott, Fc'rry, Onch'y, Shack, and Williams, and has been sum¬ 
marized by Oncley, Ferry, and Shack (13). 

Perhaps the* most convenient way to compart' the data obtained foi* these 
})roteins is by rnt'ans of their “low-frequency dielectric inci't'inent per gram 
])er liter,” defined as 

(A«i,/<jr) = (to - e")/(/ (1) 

wht'H' €() is the dielectric constant at very low frequencies of a solution 
containing g grams of pi'otein per liter, and is the dielectric constant of 

' Presented at the Seventeenth (-olloid Symposium, held at Ann Arbor, Michigan, 
June 6-8,1940. 
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the pure solvent. Values for this quantity for most of the proteins which 
have been studied and for a few typical amino acids and peptides are given 
in table 1 . It is evident that the dielectric increments of proteins vary 
over an even wider range than do those of th(' amino acnds and pep¬ 
tides. 

During the past year we have studied new fractions of serum albumin 
and serum pseudoglobulin -7 from the horse and of edestin from hemp seed. 
The serum albumin was prepared by McMeekin by crystallization of 
carbohydrate-free material as the sulfate from water at pH 4.0 ( 8 ), the 
serum pseudoglobulin hy Green and by McMeekin, and the edestin by 
Bailey. The fractionations of these materials are being continiK^d, and 
the results which hav(‘ been obtained must b(^ taken as preliminary in 


TABLE 1 


Dielectric increments of certain proteins, amino acids, and peptides 


8UBSTANCF. 

INCREMENT 

SUBSTANCE 

INCREMENT 

a-Alanine . 

0.26 

Egg albumin . 

0.1 

Glycine.. 

0.30 

Gliadin ... 

0.1 

^-Alanine . 

0.39 

Serum albumin (low) 

0.1 

7 -Aminobutyric acid . 

0.50 

C'arboxy hemogl obin 

0.3 

Diglycine. 

0.54 

Insulin 

0.3 

€-Aminocaproic acid 

0.59 

Zein 

0.4 

f-Aminoheptoic acid 

0.59 

Serum albumin (high) 

0.4 

Triglycine 

0 60 

Secalin 

0.9 

Heptaglycine 

0.70 I 

Serum pseudoglobulin 

l.J 

Lysylglutamic acid. ... 

1.26 ; 

Lactoglobulin . . 

1.4 


nature, siruje fractions of sonunvliat higher purity an* now being prepared. 
Since these proteins afford good examples of both extremes of di(dcctric 
behavior, however, they have been (chosen for discussion in this paper. 
Most of these fractions have also been studied by diffusion and by sedi¬ 
mentation velocity methods, and these determinations are of considerable 
importance in the evaluation of the results. 

METHOD OF MEASUREMENT 

The method used for the measurement of dielectric constant has been 
recently described (7,10,12). A substitution method is used, employing a 
somewhat modified General Radio Company Type 516 radio frequency 
bridge, a Leeds and Northrup Type 1188 standard condenser, an especially 
designed cell with concentric platinum thimble-shaped electrodes and a 
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Lucite top, and suitable oscillator, amplifier, and detector equipment for 
the frequency range from about 1,000 to 5,000,000 cycles.^ 

A brief description of the standard resistor used in this apparatus is 
necessary. Almost any type of resistor has a certain amount of residual 
capacitance or inductance. The resistors that we have employed have an 
almost constant residual inductance, and can be represented by a resistance 
iio, variable from 0 to 111 ohms, and a series inductance, La, of about 
1.1 zt 0.05 microheneries. A fixed resistance Rb with a capacitance Cb 
in parallel can as a first approximation (i.e., at low frequencies) be con¬ 
sidered as a fixed resistance Rb and a fixed series inductance —ChR\. 
When we add this new combination in series w’ith the constant inductance 
resistors, we have a total series resistance of Ra + Rb and a series inductance 
of La — ChR\- By a proper choice of Cb we can reduce this series in¬ 
ductance to zero at low frequencies. Experimentally, we find this to be a 
perfectly feasible method for obtaining a variable resistor with very low 
residuals between 1,000 and 5,000,000 (cycles. We have set Rb equal to 
150 ohms, and Ci to about 50 micromicrofarads. 

A complication due to the polarization capacitance at the electrodes has 
been found to exist at the lower fre(iuencies. As a result of considerable 
study with various cells and electrolytes (7), we hav(* adopted sand-blasted 
platinum as the electrode material and make a series of measurements on a 
reference solution (jonsisting of the same solvent as was used for the protein 
solution with added potassium chloride so that the conductan(*e is ap¬ 
proximately e(iual to that of the protein solution. Capacitance in(;rements 
are obtained by subtracting the capacitance of this reference solution, 
Cj, from that of the protein solution, Ct, and these increments are plotted 
against v v being the freciiumcy of the measurement (in megacycles). 
The slope, of th(‘ best straight liiu* resulting from this plot is then 


“ The equipment used in this laboratory consists of the following: 


FREQUENCY RANGE 

OSCILLATOR 

AMPLIFIER 

DETECTOR 

50 to 

8,000 

Clough-Brengle 

Type 79-U audio 
frequency oscil- ! 
lator 

General Radio 
Type 814A 

Noise analyser, Gen¬ 
eral Radio Com¬ 
pany, Type 760 

10,000 to 

100,000 

General Radio Type 
648A modulated 
oscillator 

General Radio 
Type 814A 

Sargent all-wave re¬ 
ceiver, model 
11-UA 

100,000 to 5,000,000 

General Radio Type 
648A modulated 
oscillator 

None 

Sargent all-wave re¬ 
ceiver, model 
ll-UA 
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evaluatec}, and the dielectric increments, Ac, are calculated from the 
equation 

= (C, - C' - (2) 

where Q is the change in cell capacitance caused by a change of unity in the 
dielectric constant (i.c., the cell constant). This procedure has been 
shown to be quite adequate at frequencies above 10,000 cycles. Below 
this frequency slight errors may be introduced, increasing as the frequency 
is decreased (7),^ 


TABLK 2 

Dielectric incremerits of serum albumin^ serum pseudoglobulin-yy and edestin 

preparations 


SUBSTANCE 

CONCEN- 

TKATION 

Q 

INf'llEMENT 

Ae„ 

INCUEMENT 
PEU UKAM 

Wo 

TOTAL 
INCREMENT 
PER GRAM 


15.7 

2.90 

0.18 

0.25 

Serum albumin 

26.2 

4.51 

0.17 

0 24 

1 

43.6 

6 90 

0.16 

0 23 


9.t) 

8.6 

0.87 

1 

(0.94) 


10.4 

9.0 

0.87 

(0.94) 

Scrum pseudogl()bulin -7 < 

16.3 

17.3 

13.2 

13.3 

0.81 

0.77 

(0.88) 

(0.84) 


27.4 

20 3 

0.71 

(0.81) 


29.7 

20 2 

0.68 

(0 75) 

Edestin (in 2M glycine) | 

3.76 

6.38 

2 90 
4.50 

0.77 

0.71 

(0.84) 

(0.78) 


DIELECTRIC INCREMENTS 

The low-frequency dielectric increments for this albumin and 7 -j)seudo- 
globulin of normal horse scrum and for (»destin are recorded in table 2. 
Values for the total increment per gram, Aei/g^ were estimated by adding 
0.07 to the value for the low-frequency increment per gram a valui' which 
has been found to closely approximate the usual value for —Ae^/g. In 
the case of the albumin the value 0.07 was obtained by direct measure¬ 
ment,^ since the contribution of the high-frequency incTement is of much 
more importance in this case. 

* Work toward the development of a new bridge and the use of cells with smaller 
cell constant, under progress in this laboratory, will probably increase the precision 
of the measurements at lower frequencies and allow measurements to be made on 
solutions of higher conductance at higher frequencies. 

* The author is indebted to Professor Wyman for these measurements. 
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We have taken an average of the inerement per gram values as represent- 
ing the increment at infinite dilution in the cases of albumin and edestin, 


TAHLF ;{ 


Data regarding the size^ shapCf and electric 'moments of setum alhumin, serum 
pseudoglohulin-yy and edestin preparations 


MEA8UREMENTB 

SERUM 

SERUM 

EDESTIN* 


ALBUMIN 

PSEUDOGLOBULIN 

Dielectric measurements : 




Low-fre(iuency dielectric* increment 
per gram, Aeo/(/ 

0.17 

1 1 

0 7 

Total increment per gram, Aet/g 

0.24 

(1.2) 

(0.8) 

Electric moment, fx, in Debye units 

380 

12(X) 

1400 

Pelaxation time for equivalent sphere, 
TO X 10** (in water at 25®C\) 

6 0 

22. 

21. 

Axial ratio, a/h . .... 

6 

9 

9 

Dipole angle, 0 

15^^ 

45° 

45° 

Ultraccntrifugc and diffusion measure¬ 
ments: 

Assumed molecular weight, M.. 

70,000 

142.000 

310,000 

Partial specific volume, v 

0 748« 

1 0 730' 

0.744“ 

Sedimentation constant, ^ao.u X 10 ^^ 

1 5’^ 

i 6 y' 

12.8''-f 

DitTusion constant, A»o,m X 10^ 

6.2“ 

4.1'« 

3.9“ 

Frictional ratio, f/fc 

; 1 25“ 

1.5 

1 21“ 

ilelaxation time for equivalent sphere 
(no hydration), to X 10® (H/), 
25°(\) 

1 

5 7 

11 3 

25. 

Axial ratio, a/h (assuming no hydra¬ 
tion and elongated ellipsoidal shape). 

5 

9 

4 

Viscosity measurements : 

Viscosity coefheient, 1000(77 — 770 )/ 
( 770 ^^) .. .. 

6 5‘’ 

lO'’ 


Axial ratio, a/h uvssuming no hydra¬ 
tion and elongated ellipsoidal shape). 

6 

8 



From Svodberjr and Pederson: The VUraeenirifugc, j). -106. Oxford Tlniversity 
Press, London (1940). 

From Poison: Kolloid-Z. 88 , 51 (1939). 

Unpublished work of Armstrong (Harvard iMedical Sehool). 

Unpublished work of Mehl (Harvard Medical School). 

•’ Measured in air-driven ultracentrifuge of the Bauer-Pickels type. 

* A value of 14.6 for X 10'^ was obtained in some preliminary experiimuits 
on this material in our laboratory. A small amount (ca. 15 per cent) of this 
material had a somewhat higher sedimentation constant of about 18. 

« Dissolved in 21/ glycine solution with relative viscosity of 1.33. 

while the values for y-pscnidoglobuliii were extrapolated to zero coii- 
e.entration by plotting the inerement per gram against the (Concentration. 
The valu(\s thus obtained art' recorded in table 3, and may l)(‘ compared 
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with the results of Ferry and Oncley ( 6 ) upon a total pseudoglobulin 
(containing 7 -pseudoglobulin together with other pseudoglobulins) and 
various albumin fractions. The low-frequency increment for the 7 -p 8 eudo- 
globulin is identical with the earlier result for the total pseudoglobulin, 
while that for the albumin lies between values previously obtained for 
fractions of low and high solubility. These increments, together with the 
“assumed molecular weights” recorded in table 3, arc used to calculate 
the electric moment, /a, expressed in Debye units, as calculated (10) from 
the equation 

M = 2.9 y/W(K7t7g) (3) 

The electric moments of these proteins which we obtained in this 
manner seem very large when compared with those of substances of low 
molecular w^eight, but this is due largely to the high molecular weights of 
the proteins. A comparison of the electrical symmetry of molecules of 
widely differing size can be made by calculating the diameter, /?, which 
the molecule would have if it were spherical and then computing th(* 
number of unit charges, z, which must be located at each end of a dipole of 
this length in order to give the observed dipole moment, The values 
obtained in this way,—1.4 for the albumin, 3.4 for the 7 -pseudoglobulin, 
and 3.4 for the edestin,—are all mtich smaller than half the total anionic 
and cationic charges found in these proteins, which range from perhaps 60 
for the albumin to about 320 for the edestin. These molecules w\)uld 
accordingly have moments many times those nq)orted here if they wen^ 
very unsymrnetrical electrically, and these measurements can be taken as 
proof of a fairly high degree of electrical symmetry. 

RELAXATION TIMES 

If we conduct dielectric constant measurements over a wide frequeiKiy 
range, we find a much more complex behavior than that described for the 
low-frequency measurements. In a certain frequency region we find that 
the dielectric increment drops from the low-frequency value we have been 
discussing to a value near zero, usually slightly negative. This behavior 
has been designated as “anomalous dispersion” (4, 10, 13); the frequency 
region in which the effect occurs depends upon the viscosity of the solvent 
and upon the size and shape of the protein molecules. The quantitative 
treatment of the problem has been carried out by Debye for spherical 

« n/(eR) » 0.41 « 0.41 (3a) 

where M is the molecular weight, the total dielectric increment per gram per 

liter, and v the partial specific volume of the protein, and 5* and V are the correspond¬ 
ing molal total increment and volume. 
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papOcles (4) and by Perrin (14) and by Budo, Fischer, and Miyamoto (1) 
forellqisoidal particles. 

The results of these treatments can perhaps best be described in the 
following manner: A hypothetical relaxation time, to , for a spherical mole* 
cule with identical molecular weight, M, and partial specific volume, 8, 
can be calculated from the equation 

To = ZMvri/(RT) (4) 

where n is the viscosity of the solvent medium, R the gas constant per mole 
(8.31 X 10^ ergs pei' degree per mole), and T the absolute temperature. 
The dielectric dispersion of a spherical molecule could be completely 
characterised by this relaxation time, but molecules of other shapes would 



Fig. 1. Dielectric dispersion curves for elongated ellipsoids of revolution (accord-* 
ing to Perrin). Constant dipole angle ($ ** 45^) and varying axial ratio (a/b 'from 
lto50). 


fihow a more complex behavior. If we assume that the ‘molecule can be 
represented by an ellipsoid of revolution, the form of the dispersion curve 
will depend upon the axial ratio of the ellipsoid, a/b, and the angle between 
the geometric axis a of the ellipsoid and the electric moment vector, 
cidled the dipole angle,* Here a is taken as the half-length of the 
ellipsoid along the geometric axis of rotation, and b as the equatorial 

* The angle ^can be defined by the equation 
tan 9 » Md/lM • 

wlmro fin and* mpresent the components of the dielectric moment along the a- 
i^d hnmi, tespectively, and and the increment contributions along 
these axes. 
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Fig. 2. Dielectric dispersion curves for elongated ellipsoids of revolution (accord¬ 
ing to Perrin). Constant axial ratio (a/fe * 9) and varying dipole angle (B from 
0° to 90°). 



Fig. 3. Observed dielectric dispersion curves for certain proteins. #, Serum 
albumin; 3 , serum pseudoglobuUn- 7 ; O, edestin. The curves are those calculated 
for the parameters recorded in table 3 , lines 4 , 6 , and 6 . 
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radius. Theoretical dis])ersiou curves for various values of a/5 and B 
can then be computed, (‘xanipk^s of such curves hnng shown in figures 1 
and 2. Figure 1 is for the case of constant dipole* angle* {0 = 45°) and 
varying axial ratio (with a/5 varying from 1 to 50), while figure 2 is for the 
e;asc of constant axial ratio (a/5 = 9) and varying dipole* angle (with 6 
from 0° to 90°). By (*omi)aring the*oretical curves of this typei with the* 
observed dispe*rsion curve's she)wn in figure 3 we may ])ick valuers of By a/b. 

Relaxation Time of Equivalent Sphere, ToxlO® 



Fig. 4. Values of axial ratio and relaxation time (or hydration) consistent with 
viscosity and diffusion data for serum pscudoglobulin-7. 

and To which best represent the experimental data, and such values are 
recorded in table 3. These observed dispersion curvi^s arc similar to those 
obtained by Ferry and Oncley (6), but additional measurements at both 
high and low frequencies have increased their reliability. The curves 
for the 7 -pscudoglobulin are found to show the presence of dispersion over 
an even wider range of frequency than was previously observed for the 
total pseudoglobulin, giving rise to a somewhat larger amount of asym- 
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metry for the* 7 -pseiKloglobulin. X'alues of a /6 lens than unity (flattened 
ellipsoids) do not give curves of the ty^K? observed for the molecules under 
discussion here, and have therefore been omitted from figure 1 . 

The values selected in this manner for a /6 and u must be consistent with 
values obtained from other reliable sources (3). Perhaps the most reliable 
data of this kind are obtained from measurements of sedimentation 
constant, diffusion constant, and viscosity coefficient of dilute protein 
solutions. A considerable amount of data of this type is available for the 
molecules under discussion here and is recorded in table 3. By the use of 
the equations of Perrin and of Simha we may use these data to evaluate 
the asymmctiy (0, 15, 16, 17). Values for both a /6 and tq cannot be 
directly and unambiguously obtained from these data, however, since* 
values for both the fractional ratio, ///o, and the viscosity coefficient, F, 
depend upon the amount of hydration (and hence the size) and the asym¬ 
metry. The values of these quantities as recorded in table 3 are calculated 
assuming no hydration and an elongated ellipsoidal shape. 

The agreement between the values of a /6 and tq obtained in this way is 
good in the case of the albumin and fair for the edestin. The pseudo¬ 
globulin shows very [)oor agre(*ment, however, since the \'alucs of to differ 
by a factor of 2 . Wc have accordingly rc'corded in figure 4 all of the values 
of a /6 and of ro (or of the hydration) which are consistent with the viscosity 
and diffusion data for this molecule. The width of the bands was chosen 
to represent the probable range of values, but is somewhat arbitrary. The 
cross represents the result obtained from the dielectric dispersion studies, 
and the values a /6 = 8 and tq = 18 X (corresponding to a hydration 
of about 0.4 g. of water per gram of protein) might represent the best 
average of these data. 


BlTMMAllY 

The electric? moments of serum albumin, serum pseudoglobulin- 7 , and 
edestin were found to be about 380, 1200, and 1400 Debye units, respec¬ 
tively. These large electric moments arc of considerable importance in 
the interpretation of the interaction of these molecules. 

A study of the dielectric dispersion of these molecules gave relaxation 
times and shapes which are compared with those from diffusion, ultra¬ 
centrifuge, and viscosity measurements. The agreement was good in the 
case of serum albumin and edestin without the assumption of any very 
large degree of hydration, but in the case of the serum pseudoglobulin -7 
it appeared necessary to assume a moderate amount of hydration or some 
other complicating phenomenon. 

I should like to express my thanks to Drs. T. L. McMeekin, A. A. Green, 
and K. Bailey for the preparation of proteins used in this investigation; 
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to Professor J. Wyman, Jr., Drs. S. H. Armstrong, Jr., J. I). Ferry and 
J. W. Mehl, and Mr, M, Mel in for making certain of the measurements 
recorded here; and to l’rofes.«or 10. J. C ohn for liis iK^lp throughout these 
inv('stigations. 
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JirgensoiLS (19) investigated thixotropic gels eoutaining 2 to 5 per cent 
of egg albumin in which the percentage by volume of normal propyl alcohol 
was varied between 40 and 60 and the con<‘entratioiis of x^arious salts were* 
found to be optimal between 0.2 and 0.5 mole per liter. In attempting to 
cheek his results it was found that acetic acid, when added to diluted egg 
white, produced thixotropic gels. This result is in marked contrast to that 
reported by Loughlin and Lewis (25), Loeb (24), and others, who found 

' Presented at the Seventeenth C'olloid Symposium, held at Ann Arbor, Michigan, 
June 6~8, 1940. 
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that the viscosity of such protein solutions is independent of the hydrogen- 
ion concentration when strong mineral acids are used. Preliminary ex¬ 
periments showed that the thixotropic properties of the gels were greatly 
altered by the addition of small quantities of various salts. In view of the 
little work that had been done on thixotropic protein gels and in order to 
clear up, if possible, the discrepancy between our findings and those of 
Loughlin and Lewis, it was deemc^d desirable to investigate carefully the 
factors which wore responsible in producing the thixotropic gels. 

Only a few other thixotropic systems containing ]>roteins have been 
studied. Freundlich and Abramson (11) found that solutions containing 
between 1 and 8 per cent of gelatin were thixotropic. Muralt and Edsall 
(27) wx^H' able to extract the globulin, muscle myosin, which constitutes 
the main portion of the interior of muscle fib(‘rs, and found solutions of it 
to be thixotropic. Both ( -hamlxu-s (4) and Faure-Fr^miet (8) have de¬ 
scribed the thixotropic properties of protoplasm. Anson and Mirsky H) 
studied tlu' effects of acids, salts, and heat on the viscosity of denatui-ed 
egg albumin and hemoglobin solutions. It is probable from their de¬ 
scription that they were dealing wdth thixotropic gels in some of their 
work. Kopacz(*wski (22) studied thixotroj>ic gels composed of impure' 
serum proteins, casein, and mucoid in the presence of lactic acid and salts, 
and mcu'ely mentioned the fact that gels w ere ])roduced w’Ih'U hydroehlorie 
acid, pyridine, and sodium hydroxide winv substituted for the lactic ac'id. 

Many theories of protein structure have been formulated in attempts to 
depict the complex interrelationships among the thousands of atoms 
constituting each huge protein molecule and to correlate these with the 
changes in properties and thermodynamic quantities which result w4ien 
these massive entities are acted upon by external agencies. The modern 
picture is far from a complete one, as the controversy around several 
points in the current literature will attest (31, 41, 42), but the main frame¬ 
work has been established to the satisfaction of most of the investigators 
in the field. 

In 1906 Emil Fischer (9) introduced the concept of the peptide bond, 
and his subsequent brilliant researches established that this bond is the 
essential one in protein structure. From this arose the idea that a native' 
protein molecule is composed of amino acid residues linked together by 
peptide bonds into a single continuous polypeptide chain. As the result 
of many experiments of great diversity, it is now generally agreed that this 
chain is not an extended one, but that it is twisted and folded upon itself 
to form a compact globule having either a spherical or a more or less 
elongated shape (29). Svedberg (38, 39) and his collaborators have shown 
that the particle weights of these globules vary for different protein species 
from about fifteen thousand to several millions. In 1931 Wu (43) first 
expressed the idea that the pattern of folding of the polypeptide chain im- 
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parts to the molecule of each protein species the unique configuration which 
gives the molecule its specific characteristic properties. 

Since the extended chain is a more random condition than the globular 
form and therefore is the more i)rol)able one, it follows that some kind or 
kinds of bonds must exist among diffeient points on the chain to hold it in 
a rolled-up state. The nature of these nonqic'ptidc bonds is the piincipal 
caus(‘ of argument among workers in the field of proteins (2, 31. 37, 41, 42) 
at the present time. It is not our inirpose to enter the controversy here; 
rather, w(' shall adopt th(‘ concepts which seem best fitted to explain the 
lihenomena under study. Those most useful to us have appeared in the 
works of many authors, but thvy are summarized ])rincipally in the lecont 
thc'oretical discussions of protein structure and protein behavior by Mirsky 
and Pauling (26), Anson (36, Chapter IX), and Kyring and Steam (7). 

According to these workers tluuv are essentially two different types of 
cross-linkages, one of which, the cystine link (included hero, also, are any 
possibl(‘ inner ester links), plays a minor part in holding the chain wound 
up because of its paucity in most proteins. 

The other type of cross-link is an internal salt-bridge, arising from the 
intera(‘tion of I'xcess liasic and acidic groups along thi‘ chain as well as 
from a basic and a carboxyl group not involved in a peptide bond at each 
end of the (fhain. The (‘xcess acidi(* groups along the chain ai‘e due to the 
nionoaminodicarboxylic acids, aspartic, glutamic, and hydroxyglutamic, 
wheri'as th(' excess basic groups are due to the diaminomonocarboxylic. 
acids, arginim‘, histidine, and lysine. The natun* of the interaction of 
th(\se basic and acidic groups is unsettled. We shall adopt the concept of 
Mirsky and Pauling (26): “Side-chain bonds in proteins we consider to 
involv(' usually an amino and a carboxyl group, the nitrogen atom forming 
a hydrogen bond with each of two oxygen atoms and holding also one un¬ 
shared hydrogen atom. In acid solutions hydrogen bonds may be formed 
between two carboxyl groups, as in the double molecules of fonnic acid 
(30). . . .Th(^ bond is essentially electrostatic* in nature.” A scheme of 
su(‘h a bond between a lysine and a glutamic acid residue located at points 
along the polypeptide chain separated by . . .n. . . interposed amino acid 
residues appears in figure la. Figure lb shows how the electrons are 
arranged in the salt-bridge according to the above description by Mirsky 
and Pauling. The small light-inked symbols between the heavy ones 
represent electrons the source of which is self-indicated. The dotted lines 


Salt-bridge 

COO-HtNCH8CH2 
CHa CHj 

CH2 CH2 

... OCCHNH.. R. .OCCHNH... 

Fig. la 
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show where the hydrogen bonds are located. Rodebush (33) ‘‘regards 
the hydrogen bond as a case of coordination of the simplest cation, the 
proton.A fuller description of the nature of the hydi*ogen bond and of 
its applications appears in the reviews by Huggins (18) and Lassettre (23). 

Now there is an excess of twenty-eight each of basic and acidic groups 
in egg albumin (5), among which there are presumably salt-bridges in the 
native protein molecule to hold it rolled up in its globular form. Evi¬ 
dence for this is that the; native protein molecule loses many of its charac¬ 
teristic properties in a process known as denaturation, when it is acted 
upon by various agents which break the links holding the parts of the 
molecule in their specific relationships. “The denatured protein molecule 
is characterized by the absence of a uniquely defined configuration” (26). 

Many different explanations have been offered by various authoi*s in 
attempting to account for thixotropy. The most widely accepted theory 
is that thixotrojiy is due to the formation of solvated hulls around each of 
the particles of the dispersed phase (12, 13, 14, 15, 16, 17, 20, 32). These 
thick envelopes or lyospheres of oriented solvent molecules are supposed 
to be disrui)ted by shaking and to re-foim again when the system is left 
undisturbed; the rigidity of the gel state arises from the fact that the\se 
lyospheres becom(* so large as to interlock throughout the system. 

Several lines of evidence may be adduced in favor of this hypothesis. 
Chief among these are the observations of the sol gel transfoimatioii mad(-‘ 
under the ultramicroscope (10, 13, 16, 34, 35). 

Evidence which may make the solvated hull theory seem untenable is 
the excessive thickness of these hulls that would be necessary in order for 
them to touch. Werner (40) calculated that the thickness would have 
to be up 3 m for a gel containing kaolin, and Freundlich (10) found that 
it would have to be about 100 mM for a bentonite gel. 

A popular alternative hypothesis, which has been ex})ressed variously 
(12, 13, 14, 34), attributes thixotropy to the formation of a network com¬ 
posed of (diains, filaments, or sheets of the dispersed phase that pervades 
the (uitire gel and entraps the dispersion medium. These stmetures are 
readily broken down by shaking and form anew when the system is un- 
disturbe^d. Factors affecting thixotropic gel foimation are discussed 
fully in the reviews of Freundlich (13), Pryce-Jones (32), and Myers (28). 

EXPERIMENTAL 

Solutions of thri(ie-crystallized egg albumin were prepared by the 
method of Kekwick and Cannan (21). They were electrodialyzed free of 
salt and analyzed for protein content by evaporating a weighed amount 
of the solution to dryness at 110~-140*'(‘. 

The pH of the solutions was measured with a Coleman glass-electrode 
assemblage and found to be around 4.85. This is in agreement with the 
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results of Errcra and Hirshberg (6), who found that prolonged electro¬ 
dialysis always brought the pH to the isoelectric point of the protein. 

An Ostwald-type viscosimeter immersed in a bath constant to ili0.02°C. 
was used. Time intervals were measured in fifths of seconds with a stop 
watch. 

Whenever protein was a reagent being used in conjunction with a 
weak organic acid or base, the emptying periods of the viscosimeter were 
used only as bases for comparisons of the actions of reagents or of different 
durations of time upon the protein. This qualification is necessary, since 
chemical interactions within the systems caused their viscosities to increase 
(jontiniiously even while the cm])tying periods were being determined. 
Also it is doubtful that the emptying periods of the very viscous systems 
could he used validly for the determination of their viscosities, even though 
they had remained constant during the times of measurement, because 
such highly viscous systems probably do not obey Poiseuille^s law relat¬ 
ing viscosity with pressure for flow through a capillary. Greenberg 
(36, page 452) d(\signates the viscosities of highly viscous systems, which 
vary with the rate of shear, as structural vis(*osities or plastic flow. 

The method of mixing the reagents when 1 i)er cent egg albumin solu¬ 
tion was used along with acetic acid was as follows: 2 ('c. of a 5 per cent 
protein solution was allowed to flow into a test tube from a buret. Then 
an appropriate concentration of a salt solution in a volume calculated to 
giv(' the desired final concentration when diluted to 10 cc. was added. 
N(*xt, water was added to bring the total volume up to 7 cc. Finally 3 
cc. of glacial acetic acid was added as quickly as possible. A cork was 
inserted hi the test tube, and the contents were mixed by inverting the 
tube five times. Then the contimts were (juickly jioured into the vis¬ 
cosimeter in the water bath and forced by air pressure to a point above the 
second file mark of the capillary of the viscosimeter. In order to obtain 
as comparable Jesuits as possible, 1 min. was allowed to elapse froni the 
time that the addition of acetic acid was begun until the beginning of the 
emptying period of the viscosimeter was clocked. 

After the emiitying periods had been determined over the desired in¬ 
tervals of time, the contents of the viscosimeter w^ere poured back into the 
test tube. The systems were then stored in test-tube racks for further 
observations of the effect of lapse of time upon them. Thixotropic 
gelation, flocculation, or syneresis were noted in particular. 

In figure 2 the emptying iieriods of a viscosimeter containing a 1 per 
cent protein solution in the jiresence of 30 per cent of glacial acetic acid by 
volume at 25°(\ are plotted against the time intervals after the mixing 
of the components. The curve is very smooth up to a point wdiere the 
emptying period exceeds 260 vsec., wdien it is thought that plastic flow or 
“structural” viscosity becomes dominant. 



1118 


WILLIAM G. MYERS AND WESLEY G. FRANCE 


The emptying periods of a viscosimeter containing a 1 per cent solution 
of egg albumin in the presence of 30 per cent of glacial acetic acid by 
volume at 27®C., when increasing concentrations of sodium chloride are 
added, are given in table 1. Emptying periods are given in seconds and 
time intervals after mixing the components are given in minutes. The 
data arc plotted in figure 3. 



Time after mixmg in hours 


Fig. 2. Plot of the emptying periods of a viscosimeter against time intervals 
after mixing components. The viscosimeter contains 1 per cent protein solution 
in the presence of 30 per cent of glacial acetic acid by volume; no salt is present. 
Temperature, 25®C. The curve indicates gradual unwinding of the egg albumin 
molecule with time, owing to thermal agitation with simultaneous solvation by 
acetic acid via hydrogen bonds. 


The systems which were 0.006 -0.020 N with respect to sodium chloride 
showed increasing gel structure. They were thixotropic. 

Similar data were obtained when sodium sulfate and sodium ferrocy- 
anidc were used. Here the emptying periods increased much more 
rapidly for a given concentration of salt than was the case with sodium 
chloride, as figure 4 illustrates. 

Some qualitative observations concerning the effects produced by 
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TABLE 1 

Emptying periods of viscosimeter containing egg albumin^ acetic acid^ 
and sodium chloride 


CONCENTRATION OF NaCl 


KMPTTINQ PERIODS IN SECONDS 


Time intervals . 

1 min. 

3 min. 

5 min. 

7 min. 

9 min. 

11 

min. 

16 

min. 

21 

min. 

31 

mm. 

46 

min. 

61 

min. 

0.002 N . 

11.2 

11.2 

11.2 

11.4 

11.6 

11.8 

12.0 

12.2 

13.0 

14.2 

15.6 

0.004 iV.. . . 

11.2 

11.4 

11.6 

11.8 

12.2 

12.6 

13.4 

14.4 

16.6 

20.6 

23.8 

0.006 N . 

11.0 

11.4 

12.0 

12.6 

13.4 

14.2 

16.2 

18.2 

22.0 

27.8 

33.4 

0.008 N . . 

10.8 

11.6 

13.0 

13.8 

15.4 

16.6 

19.4 

22.4 

28.2 

37.2 

46.4 

0.010 N . 

10.8 

12.4 

14.2 

1 

i 

17.4 

19.2 

23.4 

27.2 

35.8 

49.0 

61.6 

0.020 AT . ... 

12.4 

19.2 

25.4 

30.8 

37.0 

43.0 

64.4 

105 

416 



0.040 AT*. 












0.060 Art. 













* Set to gel immediately. 

t Formed suspended floes immediately and was white and opaque. Syneresis 
soon occurred. 



Fig. 3. Plot of the emptying periods of a viscosimeter against time intervals 
after mixing components. The viscosimeter contains a 1 per cent solution of egg 
albumin in the presence of 30 per cent of glacial acetic acid by volume and added 
sodium chloride. Temperature, 27°C. 
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weak organic acids and bases^ including pyridine, were made. Propionic 
acid and lactic acid appeared to have the same effect as pyridine. Nico¬ 
tine also produced thixotropic gels, but they were very viscous and showed 
very prolonged setting times. Piperidine produced very basic solutions 
when added to egg albumin, but these showed no tendency to develop a 
gel structure. 



Fig. 4. Plot of the emptying periods of a viscosimeter against time intervals after 
mixing components. The viscosimeter contains a 1 per cent solution of protein in 
the presence of 30 per cent of glacial acetic acid by volume and added sodium ferro> 
cyanide, sodium sulfate, or sodium chloride. Temperature, 27®C. 

Figure 2 shows how the emptying period of a viscosimeter containing 1 
per cent of egg albumin mixed with 30 per cent by volume of glacial 
acetic acid increases vrith the interval of time after the mixing of the 
components. This result is entirely different from that reported by 
Loughlin and Lewis (26) and by Loeb (24), who found that the viscosity of 
solutions of egg albumin was independent of the hydrogen-ion concentra¬ 
tion when strong mineral acids were added. We also found that the viscosity 
of a 3 per cent solution of egg albumin was constant when sulfuric acid was 
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used to produce the same hydrogen-ion concentration as that obtained by 
the addition of 30 per cent of glacial acetic acid. 

Now this difference between the effect of a weak organic acid and that 
of a strong mineral acid cannot be accounted for on the basis of a difference 
in the number of salt-bridges neutralized, because the hydrogen-ion con¬ 
centration in each case was great enough to insure the complete neu¬ 
tralization of all salt-bridges. We believe that, in addition to the forma¬ 
tion of albumin acetate in a process identical with the formation of a 
protein salt by strong mineral acids, acetic acid present in sufficient con¬ 
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Fig. 5. A possible solvation mechanism 


centration to give a pH of about 2 also solvates (through hydrogen bonds) 
the loose ends of the salt-bridges after neutralization has permitted them 
to separate. This is in harmony with the view of Mirsky and Pauling 
(26). Huggins also believes that such solvation can occur readily. 

Carboxyl groups seem to be especially well adajited to bridge formation. 
The carboxyl hydrogen is held loosely enough so that it can be shared 
readily with a suitable electronegative atom elsewhere. The carboxyl 
oxygen atoms likewse act as receivers for hydrogen atoms held loosely 
enough elsewhere (18). 

A depiction of a possible solvation mechanism appears in figure 5, where 
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the source of the electrons is indicated by the small symbols and the 
hydrogen bonds are indicated by the broken lines. The two hydrogen 
bonds between the nitrogen atom and the two oxygen atoms in figure 6 a, 
—postulated by Mirsky and Pauling,—are broken at the pH (about pH = 
2.0) under consideration, with a subsequent solvation of the free carboxyl 
to the maximum extent of five molecules of acetic acid (figure 5 b) and of 
the free Hj’N— to the extent of three molecules of acetic acid (figure 5 c) 
through hydrogen bonds. It is unlikely that the carboxyl group could 
form the maximum of five hydrogen bonds with acetic acid if correct 
bond angles and bond distances were observed. 

An even greater solvation is probable if one considers the possibilities 
of hydrogen-bond formation at each peptide link, as shown in figure 6. 
There are three lone pairs of electrons and a hydrogen attached to the 
nitrogen which are available for solvation by four acetic acid molecules 
through hydrogen bonds. Since there are 288 amino acid residues in the 
egg albumin molecule (3), the total maximum solvation by acetic acid 
through hydrogen bonds is (287 X 4) + (28 X 8) = 1372 molecules. 
Multiplying by the molecular weight of acetic acid adds 82,320 to the par- 


00 



NH CC 

-CSNSC'C- 

tIN 

Fig. 6. Possibilities of hydrogen-bond formation at each peptide link 

tide weight, owing to solvation. As pointed out before, the maximum 
solvation is probably prevented when the bond angles and distances are 
considered. However, the above calculation is concerned only with the 
maximum solvation directly through hydrogen bonds. If one examines 
figure 5 it is apparent that each directly solvated molecule pre.sents a 
great many opportunities for further indirect solvation by acetic acid. It 
is known that acetic acid readily forms hydrogen bonds with itself and with 
water as well, so that one immediately realizes that he is here dealing with 
a logical mechanism for lyosphere formation without having to resort to 
the postulation of any vague and unknown forces (10, 13, 15, 20, 40) acting 
over comparatively enormous distances. 

The picture thus far then is that weak organic acids and bases, which 
form hydrogen bonds readily, neutralize the salt-bridges in the protein 
molecule and then solvate onto the loosened ends as well as onto the atoms 
attached to and involved in the peptide bonds. These solvate molecules 
are in turn solvated by others like themselves as well as by water, so that 
a huge lyosphere is built up with a more or less extended polypeptide 
chain as its central strut. The interlocking of such lyospheres in moving 



THIXOTROPIC GELS CONTAINING EGG ALBUMIN 


1123 


past each other is thought to impart an increase in viscosity to the system 
which is a function of the size and shape of the lyospheres as well as of th(^ 
fraction of the space occupied by them and the amount of interlocking. 

We believe that figure 2 indicates that when the salt-bridges are neu¬ 
tralized the polypeptide chain docs not unwind at once to form its ex¬ 
tended and most random configuration but that unwinding occurs slowly 
from rotation on bonds produced by thermal agitation. The unwinding 
successively makes more of the polypeptide chain available for solvation. 
The gradual increase in the duration of the emptying periods with the 
lapse of time is interpreted to mean that the increase in the elongation 
and solvation processes is responsible. The maximum in the duration 
of the emptying periods, which was reached 284 hr. after the acetic acid 
and the solution of egg albumin had been mixed, is interpreted to mean that 
the configuration of the polypeptide chain has reached its highest state of 
randomness and that the solvation has become a maximum. 

It is quite probable that the polypeptide chain also unwinds after the 
salt-bridges have been neutralized by sulfuric acid, but, since there is 
very little of the sulfuric acid present, solvation of the chain does not have 
an appreciable effect. 

W(^ believe that the lyospheres, which are formed according to the 
mechanivsm des(^ribed above, may penetrate each other somewhat, but that 
in general they repel each other, owing to like charges on the polypeptide 
chains. In the case of denaturation by acetic acid each lyosphere should 
carry twenty-eight positive charges, which are balanced by a like number 
of acetate contraions. On this basis it is believed that, by selective ad¬ 
sorption, the anions of added salts neutralize the positive charges on the 
protein cation. After electrical neutralization there are no repelling forces 
between the elongated lyospheres, so that collisions between them can 
result in cohesion and flocculation. However, the addition of variable 
quantities of salts, which are sufficient to effect only a partial electrical 
neutralization, results in variable degrees of cohesion of the lyospheres 
when they collide, owing to the interpenetration of the overlapping por¬ 
tions of the lyospheres with hydrogen-bond formation among the solvat¬ 
ing molecules. In this manner chains of lyospheres are built up which 
cross each other in entirely random directions. At the points of crossing 
of these chains there will be cohesion by the same mechanism that is 
operative when lyospheres link together to form chains. That a multi¬ 
valent anion can also act at a point of crossing of these chains to hold them 
in association by electrically neutralizing a positive charge on each one of 
as many lyospheres as the valency of the anion is indicated by figures 3 
and 4. Such a mechanism accounts for the greater effectiveness of salts 
having multivalent anions over those having univalent anions in increas¬ 
ing the viscosity. 
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Any of the liquid medium which is not immobilized in the formation 
of the lyospheres has a high viscosity, owing to hydrogen-bond formation 
among acetic acid and water molecules. It is then thought to become 
entrapped in the three-dimensional meshes of the cohering lyosphere 
chains. The rigidity of the resulting gel depends upon: (1) The protein 
concentration. (S) The completeness of unwinding of the denatured egg 
albumin molecules, and hence the time.interval which has elapsed since 
the mixing of the components. Figures 2, 3, and 4 all illustrate this 
point. (S) The amount of solvation of the polypeptide chain, and hence 
the concentration of the solvating molecules as well as their relative ability 
to form many and strong hydrogen bonds. (4) The concentration of 
salt and the valency of the effective ion. This is well illustrated by figures 
3 and 4. Figure 4 shows the greater effectiveness of higher concentrations 
of a tetravalent anion over corresponding concentrations of a divalent 
anion and, in turn, of the divalent anion over a univalent anion. 

Varying these factors in all possible ways gives systems which have any 
degree of viscosity or which have gel structures of any rigidity. There 
result sols of variable viscosity, labile gels, thixotropic gels, rigid gels, 
gels in which the disperse phase shows variable flocculation, and ejoagu- 
lated systems having low viscosities. 

We believe tliat the solation of the thixotropic^ gels by mechanical 
shear is due to the breaking of the relatively weak hydrogen bonds which 
hold the lyospheres together. After the shearing stress is removed, 
there occurs a re-formation of these hydrogen bonds either at thcj same or 
(much more likcjly) at different points than was tlu‘ case previous to sola¬ 
tion. The amount of time required for the gel to re-form depends upon the 
degree of disruption of the three-dimensional meshwork of lyospheres and 
hence upon the vigor with which and the duration of time for which the 
system is shaken. 


RESUME 

The explanation given above to account for the gel structures and the 
thixotropic breakdown and re-formation of the systems studied is a com¬ 
bination of the common theories of gel structure. We have given a logical 
explanation of the elongation and solvation of the disperse phase to form 
anisometric lyospheres without postulating any unknown forces acting 
over large distances in order to account for the formation of solvated hulls. 
In this way the greatest weakness of the solvated hull theory has been 
avoided. Also, we do not follow this theory to the extent that the inter¬ 
locking of the lyospheres is alone thought to be responsible for the es¬ 
tablishment of a gel structure. Instead we describe a mechanism accord¬ 
ing to which the elongated lyospheres are able to link together to form 
chains and three-dimensional meshworks which entrap any of the disper- 
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sion medium not involved in the formation of the solvated hulls. In this 
way we have modified the network theory of gel structure by postulating 
that the filaments making up the network are highly solvated previous to 
their linking together, instead of simply being the disperse phase alone. 
Also, we have modified the repulsion-attraction equilibrium theory by 
postulating that added salts decrease the repulsion between the like- 
charged particles of the disperse phase which have already become highly 
solvated before the salt is added. The salt is then thought to decrease the 
repulsion between the elongated lyospheres to the extent that they can 
cohere enough so as to permit them to link together by the formation of 
hydrogen bonds among the molecules of the interpenetrating solvated 
hulls. 
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INTRODUCTION 

The study of bound water in biological tissues has been handicapped 
from its inception by the weaknesses inherent in the methods used for 
the determination of bound water. None of the various methods gives 
any clue as to the mechanism of bonding, and all are subject to criticism 
on the basis of the fundamental assumptions involved (12). 

A possible mechanism for the bonding of water was suggested by Bus- 
well in 1928 (3). His suggestion that water was bonded to gelatin by 
means of the hydrogen bond followed from a correlation of the paper by 
Latimer and Rodebush (17), who suggested the hydrogen-bond hypoth¬ 
esis, and the classic work in spectroscopy of Coblentz (9), who had 
noticed peculiarities in the infrared absorption of water at 1.5 m when 
present as “w ater of constitution'^ in certain minerals and in a gelatin film. 

The work of Wulf and Liddel (21, 13), who showed that the first har¬ 
monic of the hydroxyl giuup disappeared when ojiportunities for hydrogen 
bonding w^ere present, indicated that the infrared absorption technique 
offered a method of testing this proposed mechanism, and also gave promise 
of being adaptable to quantitative determination of bound water in 
biological hydrogels. 

^ Presented at the Seventeenth Colloid Symposium, held at Ann Arbor, Michigan, 
June 6-8, 1940. 
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In a previous publication (6) a curve was given for the absorption 
spectrum for gelatin in various stages of hydration. Absorption bands 
were found at 3.37, 3.2, and 3 fi. At that time the 3.4 was assigned to 
the HC vibration, and the 3 m band, since it varied widely with water 
content, was assumed to be a measure of bound water. Although the 



Fig. 1. Absorption curves for gelatin. Curve 1, air-dried; curve 2, dried at 102°C. 
for 2 hr.; curve 3, dried at 152®C. for 4 hr. t 

3.2 band appeared to vary somewhat with the water content, it was 
tentatively assigned to O—or N—H—N bonding. Recent work 
now rules out the possibility of NH—N (10). 

On the replotting of our data (sec figure 1), placing the height of the 
3.37 bands at the same elevation in all cases (a procedure which w'e now 
find to be justified), there appears to be practically no variation in the 
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3.2 band with water content and no change in the height of the 3 m band 
between specimens dried at 102® and 152®C, Curves of specimens of 
appreciable moisture content show a distinct broadening or shoulder at 
the shorter wave length, at about 2.90 m. 

It also appears that the suggestion of Ellis and Bath (11) that ‘*the 
absorption at 3 m • • • id a gelatin specimen dried for 14 hours at 122®C. 
is caused by j^rotein NH groups rather than by residual water^' is a valu¬ 
able one and at least partially correct. It must be pointed out, however, 
that the •NH frequency itself is relatively weak, while the 3 m band in 
dry gelatin is vc'ry strong. It is further known that the HN frequency 
is much shorter than 3 /u, namely, 2.83 to 2.93 (7). However, as in the 
case of water, the shift to longer frequency witli bonding results in greatly 
increased intensity of absorption. This 3 n band now appears to ho due 
to a linear NHO bonding plus the effect of absorbed water. The hydration 
of proteins, as shown in this earlier work as well as in that on zinc insu- 
linate as presented in this paper (figure 2), is evidenced by greatly in¬ 
creased absorption in the 3 m region, with distinct broadcMiing and in aonn? 
cases a shoulder at approximately 2.90 

Owing to the complexity of the NH and OH absorption spectra in the 
bonded state, it has been necessary to determine tlu' various bonding 
frequencies of these groups in simple organic molecules and also to work 
out their absorption spectra when present in such complicated stmeturos 
as the proteins. This work is reported elsewhere (10). Th(‘ present w ork 
is then a report of the infrared absorption of a series which includes mem¬ 
bers of several of the classes of proteins based upon solubilities. 

EXPERIMENTAL 

'J'he spectrometer used was one of the prism type, built in this labo¬ 
ratory in 1936. The source of radiation was a street-lamp bulb, which 
was supplied with a current of 7 amperes from the 110 d.c. line balanced 
against six 2-volt storage Imtteries to avoid line fluctuations. A more 
detailed discussion of the instrument is available in a previous publi¬ 
cation (8). 

The materials studied were all too insoluble in suitable solvents to 
permit study in the solution foim, and so a method for obtaining them 
in the form of a thin film was devised. The solution of the protein w^as 
evaporated on a 24 x 50 mm. microscope cover slide floating on mercury. 
The use of 0.5 cc. of a 1 per cent solution of the protein in water, 0.6 per 
cent ammonium hydroxide, or 70 per cent alcohol, depending upon the 
properties of the protein, gave a film of the desired thickness. 

Films built up by the Langmuir technique (2, 16) were also tried, but 
were abandoned in favor of the simpler deposition method when no ap¬ 
preciable qualitative differences in the two types of film were found. The 
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method would have a distinct advantage in quantitative determinations, 
in that the molecular absorption coefficient could be calculated from the 
known number of layers. The preparation of such films would be labori¬ 
ous, since they would have to be about five thousand layers in thickness. 

In the hydration studies on two of the proteins, gelatin and insulin, a 



Fig. 2. Absorption curves for sine insulinaie. Curve 1, over barium chloride 
solution; curve 2, over magnesium nitrate 8ol\ition; curve 3, air-dried; curve 4, over 
phosphorus pentoxide. 

cell provided with air ducts to permit the passage of air across the film 
was used. This arrangement made it possible to regulate the degree of 
hydration of the film without removing it from the absorption cell. Dif¬ 
ferent degrees of hydration were effected by passing the air through satu¬ 
rated salt solutions of known vapor pressure. 
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Data on the molecular extinction coefficient of absorbed water are 
necessary to complete the solution of the problem. It has been impossible 
to obtain such data with the experimental technique outlined above, for 
the following reasons: the material is very opaque and the absorption 
due to water is very intense. It is therefore necessary to use very thin 
films in order to permit the passage of sufficient energy to obtain satis¬ 
factory galvanometer readings. The actual change in weight of a 24 x 
50 mm. film between different degrees of hydration is very close to the 

TABLE 1 

Absorption bands in sixteen proteins 


COMPOUND AB80BPTI0N PBAKS (WAVS LBNOTB XN >l) 


Peptone. 

2.91 

3.00 


3.22 

3.33 


Gelatin. .... 


2.97 


3.22 

3.34 


Rennet . 


2.97 


3.20 

3.38 


Zein . 


2.99 


3.21 

3.35 


Gliadin. . 


2.99 


3.21 

3.34 


Hemoglobin ... . 


2.99 


3.22 

3.35 


Insulin .. . . 


3.00 


3.22 

3.35 


Hordein. .. . . 


3.00 


3.21 

3.35 


Pepsin. . 


3.01 


3.22 

3.35 


Salmine . .... 


3.01 

3.09 

3.20' 

3.35 


Glutenin. . 


3.01 


3.22 

3.36 


Edestin.. .. 


3.01 


3.20 

3.34 


Soybean protein ,. . 


3.02 


3.20 

3.35 


Ficin. 


3.02 


3.22 

3.34 


Casein. 


3.02 


3.22 

3.34 


Egg albumin ... .. . . 


3.03 


3.22 

3.34 


Glucose. 


2.96 



3.40 


Agar. 


2.92 



3.35 


^-Amylose. ... . 


2.96 



3.39 


Glycyl-dZ-alanine. 

2.85 


3.09 

3.22 

3.36 


a>Bromoisocaproylleucinc 

2.79 

3.03 


3.23 

3.35 


Alanine . . .... 




3.23 

3.40 

3.48 

Proline .... 


2.97 

3.14 


3.34 


Urea .... 

2.91 

2.99 and 3.04 





A-Butylurea . 


2.97 and 3.04 



3.36 

3.42 

Thiourea . 

2.96 

3.03 

3.12 




A/'-Phenyl-N', N'-dibutyl thiourea. 


3.05 


3.24 

3.36 

3.43 


limit of error of even a microbalance. A large number of attempts to 
determine molecular extinction coefficients of absorbed water, at both 
1.44 and 3 have been unsuccessful. 


RESULTS 

The absorption bands found in the sixteen proteins studied are given 
in table 1, together with the data obtained in the study of certain other 
related compounds. 
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DISCUSSION 

A, Proteins 

The interpretation of the absorption peaks found in the proteins is 
based upon considerable experimental data obtained from the study of 
simple organic nitrogen compounds, as mentioned above (10). 

The most logical interpretation of the results obtained from the study 
of compounds having a linkage of the amide type 

™C—N—R 


is that the absorption found at 3.00 ^ is due to a single NH—bond 
and that the band at 3.22 ^ arises as a result of double NH—bonds in 
a ring-dimor structure 


C-X- R 

II I 

O H 
H 6 


R -N -C 


(ielatin and peptone (figure 3, curves 1 and 2) show relatively strong 
absorption at 3.22 the band being distinct from the broad 3 m band. 
This band resembles the absorption at 3.22 of AT-ethylacetamide (7), 

The natural proteins show much less pronounced absorption at 3.22. 
This is shown by a low peak in glutcnin, ficin, zein, and gliadin (figure 4, 
curves 3 to 6) or by a mere shoulder on the 3 /x peak in the case of egg 
albumin, rennet, edestin, and soybean protein (figure 5, curves 7 to 10). 

In the cas(' of acid casein and rennet casein (figure 6, curve 11) there' 
is more i>ronounced absorption at 3.22 in the former than in the latter. 
Also, among the natural proteins there is a distinct indication that the 
less drastic the method of isolation the le.ss pronounced is the absorption 
at 3.22 ft. This cumulative evidence suggests a relation between the 
structure related to this band and the phenomenon of denaturation. As 
mentioned above, this 3.22 band is associated with the ring-dimer struc¬ 
ture. In nature one might expect that in the presence of excess water 
it would bond to half the hydrophilic groups, thus 


R_C—N—C 

II ! 

O H-OH* 
H O-HOH 
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preventing ring formation. This water may be considered as ^Vater of 
constitution.” At the same time the natural products contain a large 
and variable amount of water which may be removed by mild desiccation 
and may be reabsorbed or reimbibed repeatedly. But on severe dehydra¬ 
tion the water of constitution would be irreversibly removed and the 



Fig. 3. Absorption curves for gelatin and peptone 
Fig. 4. Absorption curves for glutenin, ficin, zein, and gliadin 

ring structure, which is very stable, would be formed. The resulting 
material would be less soluble and less active in many ways. The above 
is not put forward as a complete theory of denaturation but only as a 
suggestion of a mechanism of part of the process. 

The appearance of the 3.22 and 3.00 /u bands in all of the proteins studied 
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suggests the important r61e that the hydrogen bond plays in the structure 
of the proteins. These data afford experimental justification to the 
postulates of protein structures involving hydrogen bonds which have 
been made by several authors (18, 14, 15). 

The spiralled beta-keratin structure suggested by Neurath (19) appeals 
to the authors as being highly probable, in that it would appear to permit 




Fig. 5. Absorption curves for egg albumin, rennet, edestin, and soybean protein 
Fig. 6. Absorption curves for acid casein, rennet casein, and salmine 

a closer approach of adjacent polypeptide chains and thus allow hydrogen 
bonding of the ring-dimer type between the peptide links. This type of 
linkage would explain the appearance of both the 3.22 and 3.00 /x bands. 
The spiralled structure might be compared to two twisted threads with 
the peptide links as the points of contact. Of course, for fully extended 
polypeptide chains the situation is different. 
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Salmiiic is a member of the protamine class of proteins; these yield on 
hydrolysis comparatively few amino#acids, among which the basic ones 
predominate. Salmine, obtained from salmon sperm, contains 87 per 
cent of arginine, NH 2 C(=NH)NHCH 2 CH 2 CH 2 CHNH 2 COOH, which has, 
in addition to the usual amino group, three extra nitrogen- hydrogen 
groups, one of which is an imino group. The typical protein, on the other 
hand, is made up of many different amino acids. Only a very small per 
cent of these amino a(‘ids contain NH groups other than the amino group. 

One would expect, therefore, that salmine would show an absorption 
spectrum different from that obtained from most proteins. The band 
at 3.09 ju appearing in the absorption spectrum for salmine (figure 4, 
curve 12) is unique in the i)rotein spectra so far obtained. It undoubtedly 
arises as a result of the large excess of nitrogen-hydrogen groups in the 
protein. One might predict that NH—() bonds involving th(» imino 
groups would appear at a wave length differing from the ordinary NH—O 
absorption. These NH—O bonds could be formed either through the 
—NH 2 or the =NH groups of the amino acid sid(‘ chains. Since this 
wave length is not far from the absorption at 3.16 m id glycine and at 
3.14 M in unsubstituted acetamide, it seems probable that it is to be as¬ 
signed to association through —NH 2 rather than =NH. 

The need for further study of this protein and of simpler compounds 
containing the imino linkage is indicated. It is quite probable that very 
interesting structures could be postulated for salmine, if more exact data 
as to the type of bonding were available. 

One is naturally concerned with the po.ssibility of nonj)eptide-niti*ogen 
bonds in other proteins. In going through the structures of the amino 
acids which have been found in the proteins, one finds five amino acids 
containing non-peptide nitrogens: 


Tryptophan, 


/\ 


-CCHjCHNHjCOOH 


\/\ / 

^ NH 


Histidine, HC^MXJHjCHNH^COOH 
HN ll 


Lysine, NH,CHsCH,CH,CH,CHNH,COOH 
Arginine, NH 2 C=NHNHCH 2 CH 2 CH,CHNH,C(X)H 
Citmlline, NH,CONHCH,CH,CH,CHNH,COOH 


Of these amino acids tryptophan is rarely present in amounts greater 
than 3 per cent, histidine is also low in most proteins, lysine varies from 0 
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to 8 per cent in the proteins considered here, the jnesence of citrulline 
in most proteins has not been verified, and arginine varies from 1 to 15 
per cent in the usual protein. 

The characteristics of the spectnim of salminc should he apparent in 
the spectrum of thymus histone, which contains 27 piu* cent of arginine, 
9.7 per C('nt of lysine, and 5.8 per cent of histidine (20). 

It can be seen that the hydrogen bondings due to the presence of these 
amino acids in the ordinary ])rotein would be only a very small contribution 
to the total bonding due to the pi*ptidc linkage. Since the amino acids 
are probably arranged in some sort of periodic arrangement in the proteins 
(1), it would not be logical to assume that very many of these extra NH 
groups would be close enough together’ in the peptide chain to permit 
bonding. The absorption of the free N—H groups in the protein would 
probably resemble that, of the primary and secondary aliphatic amines. 
This type of N—H absorption has been shown to b(‘ v(Ty weak in inten¬ 
sity (4), and therefore the presence of these few free amino groups, e.g., 
lysine, might very well be missed in the spectra of the proteins. The 
effect of the small amounts of histidine and (rypto])han occurring in 
certain proteins cannot be detected in the absor])tion s[)ectra with the 
present methods. One would expect, therefore, that there would Ix' a 
great similarity in the absorption spc'ctra in this region. 

Peptone (figured) also shows a peculiarity in th(* infrared absorption, 
in that it has a distinct shoulder on the short-wave side of the 3.00 /u 
band. This peak, if separated from the 3.00 m l>and, would occur a little 
below 2.9 II appears likely that the band represents unbonded NH 
groups (10) ill the protein fragments that make up the peptone. This 
might be expected in such a mixture of components, since there would 
be lack of orientation and complete randomness of arrangement. 

So far in this discussion no mention has been made of differences appear¬ 
ing in the CH absorption of the proteins due to differences in the side- 
chain residues. The reason for this is that the CH band is not very 
prominent, and no significant observations can be made either as to 
prominence or exact location of the absorption maxima. The only differ¬ 
ences detectable would be in the relative amounts of aliphatic and aro¬ 
matic carbon "hydrogen, but the relative percentages of those amino 
acids having aromatic rings is fairly constant in the proteins and the 
percentage is also relatively low. 

Bonding between hydroxyl or carboxyl groups in proteins is possible, 
but resolving power available docs not permit th('ir observation. Their 
number would be small in comparison to bonds involving nitrogen. 

Structural linkages other than the hydrogen bond between chains are 
not detectable in the 3 m region. Of these proposed linkages the disulfide 
might be expected to appear at a wave length greater than 10 /x, and the 
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ester or salt linkages between acidic and basic amino acids might be de¬ 
tected in the carbonyl region at 5.8 m* 

B. Hydration studies 

The bonded frequency for water-like hydroxyl groups has been shown 
to appear at a wave length slightly lower than 3 m (o). The results from 
the study of the carbohydrates support these data, in that the bonded 
frequency occurs at 2.96 ju- The superi^osition of the absorption due to 
structural hydrogen bonding and of the absorption of bonded water 
hydroxyls make hydration studies on the carbohydrates impracticable in 
the 3 M region. In the proteins these two types of bonding are separated 
to some extent, since the predominant type of structural hydrogen bonding 
involves the NH groups which show absorption in the bonded state at 
slightly longei* wa\’(* length than the hydroxyl groups do. The shoulder 
that appears on the short-wave side of the 3 m band (figures 1 and 2) 
gives a qualitative picture of water bonding, but the separation is not 
great enough for any quantitative measurements with the present technique 
and instrument. It is hoped that improvements in the weighing technique 
and the use of an instrument of greater resolving power will enable a 
quantitative determination to be made in the future. 

SUMMARY 

11 has been shown that: 

1. The proteins are characterized by absorption at about 3.4 (HC), 

at 3.22 M (believed to be due to a ring formed by two peptide links bonded 
NH to O), and at 3 m (a broad band due to linear NH to O). 

2. Salmine shows additional absorption at 3.09/* (attributed to ex¬ 
cess NH 2 ). 

3. The band at 3.22 /* is much weaker in “unaltered'^ natural proteins 
than in gelatin, etc. It is suggested that this explains in part the mecha¬ 
nism of denaturation, 

4. Hydration causes a broadening of the 3 /x band with a shoulder at 
about 2.9 /Li. 
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'I'he plant virvif^es ^^hich have thus far been obtained in a highly purified 
state may be divided into two groups,- those which are rod-shaped and 
those which are e^sseiitially spherical. Of the first group, tobacco mosaic 
virus (20) is th(^ easiest to study, for it is highly stable and may be isolated 
as a crystalline ])rotein in comparatively large quantities. Of the second 
group, only tomato bushy stunt vims (2) is availabU* in crystalline 
form. Much information is available concerning the physical properties 
of both of these materials. Tobacco mosaic virus solutions exhibit strong 
double refraction of flow (11), electrical double infraction (10), and 
anomalous viscosity (7, 19). Concentrated solutions give rise to micro- 
taetoids which sepamte out into liquid crystalline phases (3). The 
material crystallizes in the form of rod-like para-crystals of microscopic 
size (20), and the viius particle itself is a rod-like body from 12 to 15 m/i 

^ Presented at the Seventeenth Colloid Symposium, held at Ann Arbor, Michigan, 
June 6-8, 1940. 
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thick and from 300 to 500 m/i in length (12, 13). The bushy stunt virus^ 
on the other hand, does not exhibit stream double refraction, and it crystal¬ 
lizes in the form of beautiful dodecahedra (2, 21). From a consideration 
of the diffusion and the sedimentation rates of this virus, it has been sug¬ 
gested that the particle is either hydrated to an appreciable extent or has 
an asymmetry of about 5:1 (15); x-ray diffraction studies, on the other 
hand, indicate that the particles are essentially spherical (4). It seems 
probable that tlu‘ degree of asymmetry is small. Although both of these 
viruses have been the subject of ultraceiitrifugation studies in the past 
(5, 15, 22), it was thought that a direct comparison of the behavior of th(^ 
two in the ultracentrifuge under comparable' conditions would be of 
interest from a colloid-chemical point of view. 

METHOD AND MATERIALS 

An air-driven ultracentrifuge of the type described by Bauer and 
Pickets (1), equipped with a “turret^^ drive (18) and a Lamm scale (8) 
optical system, was used in this study. It was operated at room temper¬ 
ature at a speed of 18,000 r.p.m. for the bushy stunt virus and at a speed 
of 14,400 R.P.M. for the tobacco mosaic virus. The speed was measured 
stroboscopically, utilizing a flashing neon lamp actuated by the vibrations 
of standard 60-cyclc alternating current. A thermocouple was employed 
to measure the temperature of the rotor before and after each run, and 
the mean temperature was used in correcting the sedimentation rate to its 
value in water at 20°C. This computation, involving a correction for the 
viscosity of the solvent and the density of the solution, was carried out 
in the manner described in a previous publication (14). In the cases of 
the more dilute solutions, the density of the solution was assumed to bc' 
equal to that of the solvent, but for the more concentrated solutions the 
effect of the solute w^as taken into consideration in calculating the density. 
The partial specific volume of tobacco mosaic virus was taken to be 0.730 
and that of the bushy stunt virus 0.739. 

Four different preparations of bushy stunt virus were used. Prepara¬ 
tions 1 to 3, inclusive, were isolated by means of differential centrifugation 
from tomato and Datura stramonium plants. Sample 4 was isolated from 
the same supply of plants as was sample 3, but chemical means were used. 
These four samples are described in detail by Stanley (21). They corre¬ 
spond to samples 2, 5, 6, and 6a, respectively, as described in his paper. 
Three preparations of tobacco mosaic virus were used. All were isolated 
from freshly harvested diseased Turkish tobacco plants by subjecting the 
expressed juice to three or four differential centrifugation cycles. Although 
dipotassium phosphate is often added to the ground plant material before 
extracting the juice, no phosphate was used in the isolation of the three 
samples of tobacco mosaic virus under consideration. Water was used to 



ULTKACENTKIFUGATION STUDIES ON VIRUSES 


1139 


dissolve the pellets of virus obtained upon centrifugation, and the samples 
were stored dissolved in water. Just before making a run with cither 
tobacco mosaic or bushy stunt virus, sufficient molar phosphate buffer 
at about pH 7 was added to a virus solution of the desired concentration 
to bring the phosphate content to 0.1 M. The molar phosphate buffer 
(consisted of a mixture of molar solutions of monopotassium and dipotas¬ 
sium phosphate in the ratio of 1:2.2. 

DISCUSSION OF RESULTS 
The character of the sedimenting boundaries 

In the Lamm metliod, a picture of a finely ruled scab' is taken through 
the sedimenling column. At the virus-buffer boundary there is a refrac¬ 
tion gradient which causes the photographic image of the scale to be 
distorted. By plotting ihe displacements of the* scab' against the dis¬ 
tances through the boundary, one is able to get a graphic picture of the 
degree of diffuseness of the boundary. In figure 1 are represented more 
or less typical sedimenting boundaries of bushy stunt virus and tobacco 
mosaic? virus. It may be observc'd that, as the sc'dimentation progresses 
away from the center of rotation, both the tobacco movsaic virus and the 
bushy stunt virus boundaries tend to become more diffuse. In the* case 
of materials lik(‘ the* ones under consideration, in which diffusion pro(‘eeds 
very slowly, this broadening of the l)oundary could be diu' either to 
mechanical mixing of some sort or to heterodis])ersity of the virus. It is 
not possible at present to eliminate either of these possibilities. It is 
important to observe that, at least qualitatively, the toba(*co mosaic 
virus boundary is similar to that of the bushy stunt virus. Both bound¬ 
aries resemble those obtained by Eriksson-Quensel and Svedberg (5) for 
tobacco mosaic virus, which wore interpreted as being evidence of particle 
heterodispersity, rather than those obtained by McFarlani? and Kekwick 
(15) for bushy stunt, which were interpreted as being evidence of unusual 
homogeneity. Boundaries for both tobac(‘o mosaic and bushy stunt 
viiTises which show much less tendency to become diffuse than those here 
shown have been obtained, but only with more concentrated solutions. 
No attempt is made to interpret the curves here shown quantitatively in 
teims of a distribution of particle sizes, because the natures of their bases 
are not known with sufficient certainty. 

Variation in the estimate of the sedwientaiion constant 

The results of the sedimentation experiments on bushy stunt virus at 
various concentrations in M/IO phosphate buffer at pH 7 are summarized 
in table 1, and those on tobacco mosaic virus under similar conditions in 
table 2. The identities of the samples, the concentrations of virus, and 
the sedimentation constants corri'cted to water at 20®C. ai-e listed in the 
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tables. In figure 2 the sedimentation constants are plotted as function.^ 
of virus concentrations. The straight lines representing both sets of data 



Distance from canter of rotation — Centimeters 

Fig. 1, Graphic representation of the sharpness of tobacco mosaic virus (sample 1) 
and bushy stunt virus (sample 1) boundaries at various times during the course of 
sedimentation. As ordinates are plotted the displacements of scale lines in microns, 
which are proportional to the refraction gradients, and as abscissas are plotted the 
positions of the distorted lines measured in centimeters from the axis of rotation. 
Distance from scale to cell » 1.8 cm.; scale to objective » 300 cm. Enlargement 
factor * 1.0. 

were fitted by the method of least squares, and the probable error of 
estimate for each curve was calculated. The formal interpretation of this 
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statistic as here calculated is that, for a given virus con(‘cntration, there 
is a 50- 50 chance that a single determination of the sedimentation constant 
will not differ from the value represented by the regn\ssion line by more 
than the probable error. For both viruses the probable error is fairly 

TABLE 1 


Sedimentation constanta of tomato bushy stunt virus at various concentrations in M/10 

'phosphate buffer at pH 7 


SAMPLE 

CONCEMTBATION 
OP VIBU6 

X 10« 

SAMPLE 

CONCKNTBATZON 
OF VISITS 

X 101“ 


mg. per ml. 



mg. per nd. 


1 

\ 0.76 

130.3 

1 

3.8 

135.2 

1 

0.95 

131.3 

1 

3.8 1 

134.2 

1 

0.95 

133.3 

2 

2.1 

! 127.8 

1 

1.5 

134.2 

2 

10.7 

1 132.2 

1 

1.7 

129.2 

1 ^ ! 

2.2 

1 134.7 

1 

1.7 

129.2 

i ^ 

8.5 

1 128.0 

1 

1.9 

136.2 i 

' 3 

10.0 

j 127.5 

1 j 

1.9 

128.2 ! 

1 4 

j 7.5 

128.5 

1 I 

3.1 

127.2 j 

i 

1 

1 

1 

1 


TABLE 2 

Sedimentation contants of tobacco mosaic virus at various concentrations in M/W 

phosphate buffer at pH 7 


SAMPLE 

CONCENTBATION 
OF V1BU8 

i 

X 10« 

1 

SAMPLE 

CONCENTBATION 

OF VIBUS 

X 10^> 


mg. per nd. 



mg. per ml. | 


1 

1.6 

188.8 

2 

2.1 1 

182.5 

1 

1.8 

179.9 

2 

3.3 1 

177.3 

1 

1.8 

196.2 

2 

4.1 

182.2 

1 

1.9 

184.3 

2 

^ 9 ; 

187.8 

1 

2.0 

: 189.8 

2 

1 4.9 : 

185.3 

1 

2.1 

185.8 

2 

6.6 I 

184.8 

1 

2.2 

i 177.3 

2 

8.2 * 

163.8 

1 

2.2 

179.9 

2 

1 11.5 • 

159.1 

1 

2.3 

190.8 

2 

14.8 ' 

142.3 

1 

3.6 1 

189.2 

2 

14.8 j 

159.0 

1 

7.1 

177.9 

3 

2.0 1 

177.5 

1 

14.3 

159.5 

3 

12.7 i 

139.6 

1 

25.7 

124.5 

3 

27.7 ; 

109.0 

2 

1.0 

193.3 

3 

27.7 1 

106.7 


liigh, dbl.9 X 10*”^® lor bushy stunt and ±4.9 X 10"”*® for tobacco mosaic. 
As yet, the reason for this variability has not been determined. However, 
in most of the sedimentation studies that have been published on vinises, 
variability of this order of magnitude was encountered. 
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The sedivneniaiion constant as a function of virus concentration 

It becomes evident upon inspection of figure 2 that there is a strong 
dependence of the sedimentation constant of tobacco mosaic virus on the 
concentration of virus. The slope of the best fitting straight line is 
—2.93 X 10“*^ which means that the sedimentation constant is decreased 
2.93 X 10“^* units when the concentration of the virus solution is in¬ 
creased 1 mg. per milliliter. This effect is probably associated with 
relatively strong forces between virus particles. The slope of the line 
would indicate that these forces diminish fairly rapidly as the solution 
is diluted. This conclusion is entirely consistent with many other facts 
that arc known concerning the properties of tobacco mosaic virus solu¬ 
tions, for, although there can be no doubt that strong interaction exists 
in concentrated solutions of tobacco mosaic virus, viscosity, stream double 
refraction, electrical double' refraction, and diffusion data all indicate 
that these forces largely disappear in solutions as dilute as a few milli¬ 
grams per milliliter (13). 

The great ('ffect of th(‘ tobacco mosah* virus con(*('ntration o!i the sedi¬ 
mentation rate made it s(‘em desirable to investigate the possibility that 
these virus solutions behave like gels rather tlian like sols in the ultra¬ 
centrifuge. Th(* sedimentation constant, is defined by t!i(‘ (‘xpression 

(trx dt 

where w is the angular velocity of the centrifuge, i is the time, and .r is the 
distance of the sedimenting boundary from the center of rotation. Since, 
in an ideal solution at a definite temperature, the sedimentation constant 
is a characteristic of the solute, it is obvious from the above equation 
that if, in an experiment on an ideal solution in which the angular velocity 
is held constant, the logarithm of x is plotted against t, a straight line 
should be obtained, the slope of which may be used to evaluate »S. Ac¬ 
cording to Pedersen (17), when a gel sediments in the ultrac(*ntrifugc, the 
sedimentation velocity is not a constant but decreases asymptotically as 
the gel approaches an equilibrium condition, after which no further 
sedimentation takes place. This equilibrium is attained when the swelling 
pressure of the gel, which is thought to be approximately proportional to 
its concentration, just equals the hydrostatic pressure caused by the 
centrifugal field. In figure 3 the logarithm of the Sistance of the boundary 
from the center of rotation (x) is plotted against time of centrifugation (t) 
of tobacco mosaic virus solutions at concentrations di 25.7, 14.3, and 7.1 
mg. per milliliter. No one of the curves shows any indication of the 
boundary approaching an equilibrium position. This means that, with 
respect to this criterion, even these very concentrated tobacco mosaic 
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virus solutions behave more nearly like ideal solutions than like gels. Or, 
stated in other words, if the virus solutions are gels, their swelling pressures 
are V(*ry low compared to the hydrostatic pressure due to the centrifugal 
field. 

As may be seen in figure 2, the dependence of the sedimentation constant 
of the bushy stunt virus upon the concentration is negligible compared 
to that of tobacco mosaic virus. Even the apparent relationship that is 
obtained may not be real, for it can be shown by a statistical procedure 
that there are about three chances in ten that the slope here shown could 



Fig. 2. Graphs showing the relationships between the sedimentation constants 
and the concentrations of bushy stunt and tobacco mosaic viruses. 


be due entii*ely to random errors in sampling a supply in which there is 
no correlation. This behavior tends to emphasize the fundamental differ¬ 
ence between the properties of essentially symmetrical and extremely 
anisometric colloidal materials. 

The sedimentation constant at zero coricentration 

The variation of the sedimentation constant with the concentration is 
direct experimental evidence that tobacco mosaic virus solutions do not 
fulfill the requirements essential to the validity of Stokes' law; that is, 
the particles do not behave like isolated objects in a continuous medium 
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of infinite extent. This conclusion was anticipated by Frampton (6), 
although direct experimental evidence has heretofore been lacking. This 
limitation may be circumvented readily by extrapolating the sedimentation 



Fig. 3. Graphs showing the relationships between logio of the positions of sedi¬ 
menting boundaries measured in centimeters from the axis of rotation and the 
time of centrifugation in seconds for concentrated tobacco mosaic virus solutions 
(sample 1). 

constant-concentration curve to zero concentration, thus obtaining the 
value that the sedimentation constant would have if the particles were 
absolutely independent of each other. The nature of the data in figure 2 
makes it seem reasonable to extrapolate by simply extending the straight 
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line, I'his procedure is at least partially justified by the fact that the 
stream double refraction and the viscosity of tobacco mosaic virus solu¬ 
tions more dilute than a few milligrams i)er milliliter are directly pro¬ 
portional to concentration (13), for these observations may be interi^reted 
to mean that the interaction at concentrations of 2 mg. per milliliter 
should not be much greater than at infinite dilution, indicating that in the 
extrapolation th(‘ slope of the line should not be increased. The sedimen¬ 
tation constant of tobacco mosaic virus at infinite dilution obtained by 
(ixtrapolating as suggested is 193 X 10“’^ cm. per second unit field. This 
valiK' is only about 3 per cent higln^r than the value for a virus concen¬ 
tration of 2 mg. per milliliter, indicating that the failure of such dilute 
solutions to obey Stokes’ law rigidly introduc(‘s no n^ally .serious compli¬ 
cation. Hence this factor, contrary to the impre.ssion left by a discussion 
by Frampton (6), probably has very little bearing on the validity of the 
attempts that have been made to interpret the sedimentation constant 
of tobacco mosaic virus in terms of particle size (9). This estimate of th(‘ 
sedimentation (‘onstant may he compared with the 174 X 10“^® rcportt*d 
as an average value by Wyckoff (22). It should not be confused with the 
sedimentation constant of the second component, about 200 X 10”^*, 
reported by Wyckoff, for ^\e have on occasion obtained two boundaries 
in our studi(vs, the slower of whi(4i (‘orre.sponded to th(‘ 193 X 10'^^^ re¬ 
ported al)ov(*, and the faster of which had a sedimentation constant about 
33 units higher. When the sedimentation constant concentration curve 
for bushy stunt virus is extrapolated to zero concentration, a value for 
the sedimentation (‘onstant of 132.0 X 10~** is obtained. This value 
does not differ appreciably from the average value of 131.6 X 10“^® which 
was report(‘d ])reviously for some of the .same data here re(‘orded (14). 
It may be compared with the average value of 146 X U)-'^ obtained by 
McFarlanc* and Kc'kwick (15) for chemically purified virus. As we have 
leported previously, in a cooperative study on a .single sample of bushy 
stunt virus isolat(‘d in our laboratory in which five centrifugation labo¬ 
ratories. including tho.se of McFarlain^ and the writi'r, participated, the 
agreement from laboratory to laboratory was very good (14). In view 
of this, the sedimentation constants here recorded for bu.shy stunt and 
tobacco mosaic v iruses are regarded as reasonably accurate values for 
the samples of the viruses actually studied. Th(‘ disagri‘ement between 
the values roportt'd in the present paper and those of othi'r workers may, 
in some instances, represent ac'tual differences in th<» properties of the 
virus preparations studied. 


SUMMARY 

Several samples of bushy stunt and tobacco mosaic viioises, prepared 
by means of differential centrifugation, were studied at various concen- 
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irations in the ultracentrifugo. The sedimenting boundaries of the two 
viruses are qualitatively similar. Both become diffuse more rapidly than 
they should owing to diffusion alone. There is considerable variability in 
the estimates of the sediinentatioii constants of these viruses. It has been 
(jstablished that there is a strong dependence of the sedimentation constant 
of tobacco mosaic virus upon the concentration of the virus. However, 
the virus does not behave like a gel in the ultracentrifuge. The sedimen¬ 
tation constant of bushy stunt virus is almost independent of the virus 
concentration. The sedimentation constant at infinite dilution of tobacco 
mosaic virus is 193 X 10“^^, and that of bushy stunt virus is 132.0 X 
10“^^ cm. per second ])er unit field. 
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Kinetics of Chemical Change. By C. N. Hinshblwood. 269 pp. London: Oxford 

University Press, 1940. Price: $4.50. 

The present volume may be regarded as a fourth edition of the author’s well- 
known work entitled The Kinetics of Cnemical Change in Gaseous Systems, Instead of 
allowing it to expand to encyclopedic dimensions, which would be necessary to 
incompass all of the experimental material in this active field, the author has ‘V.iit 
the Gordian knot” by confining it to the general principles of chemical kinetics. 

The illustrative examples of reaction types are suitably drawn from a wide field 
which is no longer limited to gaseous systems. The author aptly states that ”suc- 
ccssive editions of a book should get smaller and smaller.’’ That this condensation 
has been effected in a very skillful ami acceptaVde manner may be generally agreed. 

S. C. Lind 

Electrochemislry and Electrochemical Analysis, Vol. I, Electrochemical Theory. 

By Henry J. S. S.\nd. 12 x 18.5 cm.: viii -h 133 pp.; 9 fig.: 1 plate. Xcw York; 

(/hemical Publishing Co., Inc., 1939. Price: $2.00. 

The primary object of this little book, written by one of the pioneers in the field 
of quantitative electroanalysis, is to explain the fundamental principles of electro¬ 
chemical analysis, and incidentally to provide a review of electrochemical theory. 
The subject matter of the book covers all the main aspects of electrochemistry, as 
is evident from the following chapter headings: “Electrolysis and the Ionic Theory”; 
“Conduction of Current in the Interior of the Electrolyte”; “Application of the 
Law of Mass Action”; “Electromotive Force”; Activity and Theories of Intcrionic 
.attraction”; “Electrode Potentials and Liquid Junction Potentials”: and “Irre¬ 
versible Electrode Processes.” 

4'he treatment, on the whole, is clear and accurate, although there appears to 
be room for improvement in some of the portions dealing with thermodynamics. A 
commendable feature is the consideration of all reversible electrodes as oxidation- 
reduction systems; the same standard equation for the electrode potential which 
covers all cases is then derived from the reaction isotherm, as suggested by Bancroft 
many years ago. The convention as to the sign of the electrode potential is the one 
generally employed by European physical chemists, which is not the same as that 
widely adopted in America; the author’s arguments for the adoption of this con¬ 
vention (page 73) arc, however, not convincing. The discussion of solubility prod¬ 
uct, of acids and bases, and of indicators follows classical lines; nevertheless, the 
book provides an excellent introduction to the principles of electrochemistry, and 
undoubtedly fulfills the author’s purpose. The companion volume, dealing wdth 
the practical aspects of electrolytic methods of analysis, w ill be aw aited with interest. 

S. Glasstone. 

Intermediate Chemical Calculations. By Partington and Stratton. 239 pp. 

London: Macmillan and Co., 1940. Price: $1.65. 

This book consists of a collection of problems illustrating several of the law’s and 
principles of general chemistry and of elementary physical chemistry. Each set of 
exercises is preceded by a brief statement of the quantitative laws to be illustrated 
and by one or tw^o computations carried through in numerical detail. Answers to 
the problems are given at the end of the book. Most of the problems can be solved 
by direct substitution in formulae; however, a few, particularly in the chapter on 
“Organic Analysis,” do require some thought on the part of the student. These 
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more difficult exercises are carefully distinguished by asterisks, thereby preventing 
the discouragement of duller or less interested students who might otherwise have 
blundered onto them. 

The authors have placed special emphasis on the gas laws, stoichiometric compu* 
tations, and those calculations which are involved in quantitative analysis. By 
contrast, the field of physical chemistry is%ealt with rather sketchily. Several 
subjects (including electromotive force, the properties of liquids and solids, reac¬ 
tion velocity, and surface phenomena) which are commonly included even in intro¬ 
ductory or **short course'^ discussions of physical chemistry are completely omitted 
from, this survey. 

While this book is not adapted to the educational system of most American 
universities, it may prove useful to students who are attempting an independent 
review of their elementary chemistry or to teachers who wish to add a few straight¬ 
forward practical problems to their list of exercises. 

Robert Livingston. 

Electrojuc Structure and Chemical Binding (with special reference to inorganic 

chemistry). By O. K. Rice. 6 x 9 in.;511 pp. New York and London: McGraw- 

Hill Book Company, Inc., 1940. Price: $5.00. 

The author discusses the modern theory of the chemical bond, drawing his ref¬ 
erences to experimental facts mainly from the field of inorganic chemistry. Since 
the book is written primarily for students of chemistry at the level of first-year 
graduate work, the content and mode of presentation have been determined with 
this aim in mind. Here the author meets a serious difficulty. On the one hand the 
problems of chemical binding must certainly be discussed on a broad background of 
atomic structure. This latter topic can only be rendered satisfactorily now'adays 
on the basis of our modern ideas of wave mechanics. This science therefore also 
forms the foundation of the modern notions of the structure of molecules and hence 
of the chemical bond. Therefore any book or treatise on theoretical chemistry must 
be written with these latest ideas as a cornerstone. Thus the problem arises as to 
how much knowledge of wave mechanics do the potential reader and students have? 
It is clear that a complete discussion of all of the problems involved in a book con¬ 
cerned with the fundamentals of theoretical chemistry on the basis of wave mechanics 
is out of the question, merely from the point of view of space. Hence the author 
cuts the Gordian knot of this difficulty by simply stating the results of wave me¬ 
chanics on the supposition that the reader either has the knowledge or will be in¬ 
terested enough to acquire an acquaintance with modern concepts. Of course this 
method of procedure requires the use of such phrases as “it can be shown” or “on the 
basis of wave mechanics it can be demonstrated” etc. throughout the book, but it 
also forces the student to the realization that he must acquaint himself with modern 
concepts if he wovdd understand the present theory of chemical binding. The 
demonstration of this need is really one of the definite accomplishments by the 
author. To any one familiar with modern ideas of wave mechanics the book is to be 
recommended, because the author has a very happy and clear mode of stating the¬ 
oretical problems in a way that makes them living counterparts to the related facts. 

The first eight chapters contain a veiyr brief summary of the atomic theory of 
chemistry, the constitution of matter in its wave and corpuscular aspects, an ele¬ 
mentary consideration of quantum theory of the hydrogen atom, the idea of electron 
spin, the Pauli principle, and a discussion of the many-electron atoms. Molecular 
potential-energy curves are used to discuss molecular spectra and the energy of 
dissociation. The hydrogen molecule is rendered on the basis of the Heitler-London 
treatment and the Hund-Mulliken method. These theories and Lewis’ theory of 
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valency are compared in chapter XL Naturally the polar and covalent bonds are 
discussed fully, as are also the concepts of bond energy, electronegativity, and 
polarizability. The idea of resonance between different structures of a molecule is 
mentioned but is not stressed as much as might be expected. Chapters XIII and 
XIV contain a discussion of the solid state based on ionic radii, lattice energy, and 
the Born-Haber cycle. The problem of the covalent bond, directional valency, 
and magnetic considerations as to bond type find a brief discussion in chapter XV. 
What might be termed old-style advanced inorganic chemistry, i.e., the chemistry 
of complex compounds based on the concepts of coordination number, etc., is con¬ 
tained in chapter XVI, along with the one- and three-electron bond and the important 
problem of the hydrides of boron, van der Waals forces and molecular crystals are 
treated in chapter XVII, the metallic state in chapter XVIII, and the structure of 
water and solutions in chapter XIX. Every chapter ends with a short list of perti¬ 
nent problems. 

It is seen that this volume covers a tremendous field, and it is no wonder that 
many topics are mentioned only in barest outline. If students just entering the 
science of chemistry on the graduate level, for whom the book is intended, will 
study the modern science of wave mechanics, they will derive great benefit from a 
perusal of this edition. 

Geo. Glockleb. 


International Union of Chemistry, Tables and Committee Reports, 

International Table of Atomic Weights. Tenth Report, 1940. Committee: 
G. P. Baxter, Chairman; M. Guichard, O. Honigsehmid, R. Whytlaw-Gray. 

International Table of Stable Isotopes. Fifth Report, 1940. Committee: F. W. 
Aston, Chairman^ N. Bohr, O. Hahn, W. D. Harkins, F. Joliot, R. S. Mulliken, 
M. L. Oliphant. 

Rules for Naming Inorganic Compounds. Report of the Committee, 1940. 
W. P. Jorissen, Chairman; H. Bassett, A. Damiens, F. Fichter, H. Remy. 


S. C. Lind. 
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